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Chapter 1
Introduction
1.1 Motivation
The interest in iridium (Ir) and iridium oxide (IrOx) has been growing due to
their remarkable chemical, electrochemical and physical properties. Ir(Ox)
has been evaluated for applications in a wide range of fields, including pH-
sensing, electrochromic devices and optical information storage, chlorine or
oxygen evolution, neural stimulation, field emission cathodes, and advanced
memory technology.1
For the latter, IrOx as one of the few naturally highly conducting oxides
can be used as electrode or diffusion barrier material for nonvolatile memory
devices based on ferroelectric materials such as Pb(Zr,Ti)O3 (PZT) [1–8].
The memory devices have to undergo 1011-1013 read/write cycles [8], calling
for extraordinary long-term reliability. Different from other electrode mate-
rials such as Pt, and based on high thermal and chemical stability, IrOx does
not react with the capacitor environment during annealing steps and use. It
further acts as an oxygen diffusion barrier, which inhibits the deterioration
of ferroelectric and contact properties.
IrOx has recently attracted interest as an emitter or protective coating
material in field emission cathode arrays, used in vacuum microelectronic
devices or as displays [9–11]. The emission surface has to be stable in the
presence of residual oxygen in the vacuum environment. Compared to con-
ventional Ir/Pt/Au top electrodes, the performance is improved due to the
chemical and thermal stability, a high diffusion resistance, and a low surface
work function of 4.2 eV.
1In the course of this work, and following the majority of research published, the
material is generally termed IrOx irrespective of particular chemical composition.
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Most applications of IrOx are based on its electrochemical properties.
One of the earliest investigated fields was electrochromism [12–16]. Rapid
(within 50 msec [13]) and reversible coloration and bleaching of the material
occurs during redox cycling in electrolyte. The material is transparent in
the reduced state, and becomes blue-black in the oxidized state. Reflectance
changes of up to 60% were reported, which, however, is less than values
achieved with other materials such as Ni oxide [12]. Different electrochromic
coloring mechanisms have been proposed, based on hydroxide and proton
movement to the redox centers [15,17,18].
Similarly, IrOx has also been evaluated as material for optical informa-
tion storage [19, 20]. Thermally induced dehydration of hydrated IrOx films
resulted in regions of distinct transmission characteristics.
Regarding the use in potentiometric pH-sensing applications, IrOx thin
film electrodes exhibit a fast and strong change in open circuit potential upon
pH alterations. Furthermore, the material is stable over a wide pH range
even under high temperatures and in aggressive environments [21–25]. The
stability is one of the main reasons for its application as durable electrodes
for chlorine or oxygen evolution [26–29].
A further important field is the use of IrOx as coating for electrodes in
functional electrical stimulation [30–40]. The electrodes are used to elec-
trically excite nerve cells. The application draws on biocompatibility, high
electrochemical activity and corrosion resistance.
Ir(Ox) is employed for commercial heart pace maker or implantable defib-
rillator electrodes. As examples, Biotronik’s Solox and Arox pacing leads are
coated with Ir, and IrOx is used on Dr. Osypka’s KY-5 permanent pacing
lead.
The application as stimulation electrode coating is currently expanded
to uses in functional medical implants based on micro systems technology.
Smaller devices enable the bridging of disrupted functions at sites that have
so far not been accessible. Furthermore, miniaturized implants have several
advantages over existing large-dimensioned counterparts: Due to softness,
flexibility and low weight, damage by the implant can be prevented. Adding
to this, smaller implants allow the utilization of minimal invasive surgery.
Moreover, these devices consume little power so that it can be transmitted
in a wireless manner, rendering the use of batteries and cables unnecessary.
An example for an implantable functional device based on micro system
technologies is the wireless Epi-Ret implant. It is supposed to generate an
impression of vision in people that suffer from a progressive blindness due to
degeneration of the retinal photo receptors [31]. Fig. 1.1 shows the second
generation of implants. The receiver coil for energy and data transmission
can be seen on the left. It is directly mounted onto a flexible foil. Receiver
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and stimulator chip are assembled in the middle of the implant. An array
of three-dimensional microelectrodes electrically stimulates retinal ganglion
cells. The pulses are then transferred to the visual center via the visual nerve,
both unaffected by the disease.
Figure 1.1: The Epi-Ret implant in its second generation. It includes a
receiver coil for wireless data and energy transfer, receiver and stimulator
chips, and an array of stimulation electrodes [31].
In order to evoke an action potential in neuronal cells, a certain amount
of charge needs to be delivered to the tissue [41,42]. For safe stimulation, the
electrode has to be capable of delivering this charge in a reversible manner,
meaning that the critical potentials for gas evolution or electrode corrosion
are not reached. The amount of reversibly transferred charge is determined
by the electrode size and deliverable charge per area. The latter depends on
the stimulation material.
An optimized material allows the design of smaller electrodes that are still
able to deliver sufficient charge to depolarize neurons. A greater number of
smaller electrodes can be integrated on the area available for the implant.
This enhances the stimulation resolution, because a lower number of neurons
is excited by the activation of one electrode.
In the Epi-Ret implant, an increased stimulation resolution corresponds
to a higher number of independently triggered pixels, which can be recon-
structed to an image by the intact visual center. An increase in charge
delivery per area also allows a safety margin needed in case the excitation
threshold of neurons increases. Furthermore, the lower interface impedance
of an optimized electrode limits energy losses, which is important as the
systems have to be trimmed for minimal power consumption.
Thus, the material has to enable high charge delivery, and provide a low
impedance to the surrounding extracellular solution. Accordingly, there is a
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need to further develop materials for stimulation electrode coatings. Apart
from Ir(Ox), Pt, Ti or TiN can be used (as an example, Medtronic’s im-
plantable defibrillator lead CapSure Sense 4574 features a Pt-Ir alloy elec-
trode with TiN coating). Electrode materials such as Ti or TiN stimulate
neurons only capacitively, i.e. via the charging and discharging of the elec-
trical double layer. Higher charges can be delivered using faradaic mecha-
nisms. There, current flows across the electrode-electrolyte boundary due to
reversible changes in oxidation states of the materials. Of electroactive ma-
terials such as Pt and Ir or IrOx, the latter have been shown to transfer the
highest charges per geometrical area across the electrode-electrolyte bound-
ary (see e. g. [35,43–45] and references therein for material comparisons).
This thesis deals with the sputter deposition of Ir and IrOx as coatings
of stimulation electrodes. The thin films are characterized regarding their
capacity of transferring charge across an electrode-electrolyte boundary. Fo-
cussing on material development for macro-sized electrodes, the work details
the relationships between sputter parameters, film growth, film microstruc-
ture and charge delivery capacity.
1.2 State of the art
1.2.1 Preparation of Ir and IrOx coatings
IrOx can be deposited by a variety of methods. For each of these techniques,
the film characteristics such as chemical composition, porosity, crystallinity,
and density depend on the exact process conditions.
The anodic growth of oxide from Ir metal films (anodic IrOx films, AIROF)
is one of the most common techniques, and has often been reported on
[27, 29, 33, 34, 46]. AIROF is formed by potential cycling of Ir in electrolyte
within certain potential windows. It is mostly amorphous or nano-crystalline,
highly hydrated and can be regarded as a gel-like material [47]. The starting
metal layer can be deposited e. g. by electrochemical methods, by sputtering
or by electron beam evaporation [35, 39]. The characteristics of the start-
ing layer, especially its porosity, influence the growth of AIROF. At a high
metal density, the growing AIROF can crack and delaminate due to stress
developing between the metal and the less dense oxide [35].
The material prepared by electrolysis of solutions containing Ir complexes,
e. g. K3IrCl6, is similar in characteristics [36, 48–50]. Electrodeposited IrOx
films (EIROF) are less expensive to prepare than AIROF, as no Ir substrates
are required. However, the preparation of the solution adds complexity to
the process.
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A further process is the thermal formation of IrOx [9,21,50,51]. It is either
grown by pyrolysis of Ir salts such as IrCl3, or via annealing of Ir in oxygen
environment. Both routes require high temperatures of at least 400-500◦C,
and Cl residuals can remain in the case of pyrolysis [52].
Less common techniques include the growth of IrOx by sol-gel dip-coating
from IrCl4 solution [53], the pulsed laser deposition from Ir targets in reactive
atmosphere [54, 55], and the deposition of IrO2 nano-rods by metal oxide
chemical vapor deposition [11,56].
This work focusses on the sputtering of Ir(Ox) films (often called SIROF)
[28,30,32,57,58]. The process combines several advantages: First, it is highly
versatile and offers a wide range of process parameters. Second, electrodes of
variable size can be deposited on various kinds of substrates. Third, sputter-
ing is compatible with technologies used in the fabrication of microsystems,
and does not introduce potentially harmful substances to the device. Finally,
the deposited films can be activated anodically.
1.2.2 Sputtering of Ir and IrOx
During reactive sputtering, the plasma generates free radicals of the intro-
duced reactive gas, allowing reactions with the target material on the sub-
strate.
The general dependence of reactive gas partial pressure and deposition rate
on reactive gas supply is illustrated by the generic curves of Fig. 1.2. Generic
curves are well known from the analysis of reactive sputtering systems such
as Ti-N or Ti-O, Zn-O or Al-O (see [59,60] for reviews).
The reactive gas flow (i. e., oxygen flow) to the plasma is increased at
constant power and Ar carrier gas pressure. The oxygen is at first consumed
by the film growth, and does not notably increase the chamber pressure
(Fig. 1.2). This condition prevails until at a certain stage, the oxygen supply
to the chamber is greater than the getter rate of the growing film. At that
point, reactive gas starts to adsorb at or even binds with the target material.
The sputter yield decreases, leading to less gettering and stronger target
poisoning. A rapid increase in reactive gas partial pressure is recorded, as
well as a decrease in deposition rate. This transition point separates the
metallic from the compound sputtering mode. Decreasing the oxygen supply
from high values, the indicators shape a hysteresis, as shown in Fig. 1.2 [59].
Several authors have studied the above described effects for IrOx deposi-
tion by DC sputtering. The investigations applied mainly to deposition of
electrodes or diffusion barriers for memory applications (mainly onto heated
substrates, and followed by annealing) [1–3, 5, 61], but also for stimulation
electrode coatings [30].
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Figure 1.2: Generalized dependence of reactive gas partial pressure and de-
position rate on the supply of reactive gas to the sputter chamber (from [30]).
The authors reported that the dependence of oxygen partial pressure on
oxygen supply follows the above described trend and goes through a tran-
sition point. However, no hysteresis effect was found. This was explained
by the target condition at high oxygen supplies: oxygen does not react, but
rather adsorb at the target, and is quickly sputtered when the partial pres-
sure decreases. Furthermore, the deposition rate dependence on oxygen gas
supply was shown to behave differently from the general theory of Fig. 1.2:
It increases to a maximum and then decreases again. The increase can be
explained by the greater volume of the oxide phase forming under oxygen
supply. The subsequent decrease results from the reduced sputter yield in
the poisoned target mode.
The transition point is of great influence on the film properties. Dealing
with application in memory technologies, Cho et al. [1] described morphology
changes from smooth to rough and platelet structure with increasing oxygen
supply. Furthermore, they linked the phase variations found by x-ray diffrac-
tion to sputtering in metallic or oxidized target mode. Similarly, Horng et
al. [61] showed that an increase in oxygen supply leads to a decrease in film
crystallinity. The lower ordering was explained by a lower surface mobility,
and the oxidation of the used Si substrates. Phase formation analysis was
employed by Fox et al. [2] to find the transition point. It marked significant
changes in film stress and resistance.
Pinnow et al. [5] analyzed generic curves as a function of system pumping
speed and input power. Similar to the previously mentioned works, the
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deposition conditions could be separated into different regions depending
on the target state and the oxygen integrated into the growing films. The
importance of the evaluation of generic curves was pointed out, and film
texture, stress, resistivity and the behavior during annealing were linked to
the transitions between the regions.
Inoue and Hayashi [3] described a fabrication process for stacked Ir/IrO2
random-access memory electrodes by varying the input power at constant
oxygen and argon supply. At high sputter powers, more Ir metal is released
from the target. Compared to reactive oxygen species, its supply overweighs
on the substrate, and the IrO2 phase becomes negligibly small. A reduction
in power can be used to balance the arrival of metal and oxygen species.
With respect to application as stimulation electrode coatings, the most
comprehensive investigations were performed by Slavcheva et al. [30]. IrOx
was DC-sputtered onto cold substrates, under conditions previously analyzed
by generic curves. It was shown that electrode impedance and charge delivery
to an electrolyte strongly depend on the oxygen supply to the plasma. The
changes were attributed to alterations of film surface morphology and rough-
ness, however, the interrelations between sputter parameters, film growth
and electrode characteristics were not detailed. The charge delivery and
impedance characteristics were optimal at the transition point between metal
and compound sputtering. Chemical analysis by x-ray photoelectron spec-
troscopy showed that unbound metal was present even at the highest oxygen
flow rate. The thin films characteristics were stable over 150000 potential
cycles in electrolyte.
Klein et al. [62] deposited onto wires in H2O/O2 atmospheres. The film
consisted of platelets, which differed in orientation in dependence of the
H2O/O2 ratio. The charge delivery decreased with an increasing fraction
of platelets that were oriented perpendicular to the wire.
Enhanced electrochemical activity was linked to increasing IrOx film thick-
ness by Cogan et al. [32]. The films exhibited an open, cauliflower-type
appearance, however, the reason for their evolution was not discussed.
In the mentioned publications, changes in stimulation characteristics are
related to film composition and the porosity of microstructures. However, the
influence of process parameters on film growth, the resulting microstructure
and the measured electrochemical performance is not investigated in detail.
Furthermore, the published works focus solely on reactive DC sputtering, the
reactive RF sputtering as well as Ir metal sputtering are not investigated.
Similarly, comparisons between RF and DC sputtering of IrOx have not
yet been performed. RF- and DC-powered sputter deposition have been
evaluated for other target materials [63–65], investigating energy flux to the
substrate, energetic distributions of plasma species and differences in film
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characteristics. As to reactively sputtered systems, the deposition and film
characteristics of Ti-O, Cr-O [66], Al2O3 [67], ZnO:Al [68, 69], indium tin
oxide [70] and In2S3 [71] were compared regarding the plasma excitation
mode.
It was found that RF deposition rates are lower than those recorded during
DC sputtering [66, 67, 69, 71]. In addition, the RF plasma is denser [63, 72],
which results in a higher rate of dissociation of reactive species [66,69]. It was
also shown that the plasma region expands further from the target during
RF sputtering [68]. Consequently, the flux of energetic plasma species to the
growing film is higher [64,65,68], resulting in higher film densities.
1.2.3 Electrochemical performance of Ir and IrOx
In this work, the electrochemical activity of Ir and IrOx stimulation electrode
coatings is assessed mainly by cyclic voltammetry (CV). Not only the ma-
terial characteristics, but also measurement (electrolyte and scan rate [62]),
evaluation procedure, and the number of potential cycles run on the sample
before evaluation determine the achieved values (see section 2.2.1 for details
on measurement and evaluation).
Measurements made on microelectrodes (diameters smaller than 300 µm)
can not be compared to the ones presented here because of altered diffusion
mechanisms at the microscale [73].
Considering only macro-sized electrodes and CV excitation, Table 1.1 gives
an overview of literature data and commercially available materials. Not only
sputtered IrOx films are included, but also electroplated IrOx films and those
grown anodically from an Ir electrode.
1.3 Aims of the work
Ir and IrOx are used as thin film coatings of stimulation electrodes, but the
mechanisms that allow the sputter deposition of electrochemically highly ac-
tive coatings are not well understood. The goal of this work is to determine
the processes and underlying effects enabling the deposition of Ir and IrOx
thin films of high activity, suitable for use in miniaturized functional medical
implants. The influence of a wide range of sputter deposition parameters
on the evolving thin film microstructure, chemical composition and electro-
chemical behavior are characterized. This includes the understanding and
modelling of film deposition in dependence of sputter parameters. Based on
the results, prerequisites necessary for the optimization of electrochemical
activity are outlined.
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IrOx type Qa [mC/cm
2] Electrolyte Scan Rate [mV/s] Ref.
AIROF 18.6 70 % H2SO4 100 [74]
AIROF 85 BBS(∗), 80 Ω · cm 100 [75]
AIROF 9.7 0.1M H2SO4 100 [38]
EIROF 30 PBS(∗) 50 [76]
SIROF 36 CBS(∗) 100 [57]
SIROF 95 0.9% NaCl 100 [30]
SIROF 30 0.5M H2SO4 100 [13]
SIROF 70 0.5M H2SO4 100 [28]
SIROF 31 0.5M H2SO4 10 [77]
Table 1.1: Literature values of anodic charge deliveries Qa retrieved from
cyclic voltammetry on IrOx films. Different IrOx formation methods (anodic,
electroplated, sputtered) are considered. Apart from the material itself, the
measurement results are strongly dependent on the used electrolyte and scan
rate. The table only includes measurements on macro-sized electrodes.
(∗)BBS: bicarbonate buffered saline, PBS: phosphate buffered saline, CBS:
carbonate buffered saline.
The thesis is organized as follows. After the outline of experimental details
(chapter 2), chapter 3 includes the first comprehensive investigation of the
general behavior of the reactively RF-sputtered IrOx system. The films are
discussed with respect to application as stimulation electrode coating. The
analysis focusses on the influence of oxygen integration into the growing
film. Based on the evaluation of the deposition characteristics, the films
are characterized regarding surface topography, chemical composition and
electrochemical behavior.
In chapter 4, the reactive deposition of IrOx by DC and RF plasmas onto
cold and heated substrates is compared for the first time. Furthermore, the
electrochemical activation of IrOx is discussed and related to earlier published
results pertaining to the activation of metallic Ir. The results allow to lay
out the main mechanisms responsible for electrode performance.
The subsequent chapters include detailed investigations of the evolution
of microstructure during sputtering. In chapter 5, an overview of literature
is presented, dealing with the understanding of film growth during metal
deposition. The protocols of simulations are presented that were written to
model Ir sputter transport and film growth.
Chapter 6 contains the first comprehensive investigation regarding the
microstructural design of metallic Ir. Experiment and simulation are used to
characterize and optimize Ir sputter conditions regarding film morphology,
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density, electrochemical characteristics, and texture. The film properties are
evaluated as a function of energy and angular distributions of sputtered Ir
atoms.
The experiments presented in chapter 7 combine all earlier findings of
reactive sputtering, microstructural design and activation. The prerequisites
for deposition of thin films of highest electrochemical activity are specified.
Chapter 2
Experimental
2.1 Sputter deposition
All sputter experiments were performed on a Nordiko NS 2550 top-down
magnetron tool. Prior to sputtering, the chamber was evacuated to at least
4 · 10−6 mbar by means of a cryogenic pump. All films were deposited in Ar
or Ar/O2 plasmas, prior to which a Ti adhesion layer of either 25 or 50 nm
thickness was deposited on the oxidized Si substrates. The film thicknesses
were determined via lift-off process with a Tencor P-10 profilometer, and
totaled approximately 300-400 nm. All quoted thicknesses are mean values
of six profilometer measurements on the same substrate. The uncertainties
of deposition repeatability and thickness measurement were determined for
a number of protocols by repeated processing and profilometer runs and
comparison with x-ray reflectance (XRR) measurements. Within-substrate
homogeneity was maximized by aligning the long side of the rectangular
glass substrates with the rotation direction of the substrate plate (see section
6.1.1). The rotation speed around the substrate plate axis (capable of holding
six 4-inch wafers) was set to a constant value of 8 rpm. Rotation around a
substrate axis was not provided for.
For both radio frequency (RF) as well as direct current (DC)-powered
plasmas, the generators were set to the constant power mode. The RF power
(13.56 MHz) was coupled in via an automated inductive matching network.
During experiments on reactive sputtering of IrOx films, the input power
was held constant at 180 W (forward power for RF), the filling gas flow was
set to 100 sccm. Here, in some cases, the substrate was heated to 250 ◦C
(termed warm sputtering in the course of this work), in all other cases, the
substrate was at room temperature (cold sputtering).
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For experiments on non-reactive sputtering of Ir, the DC power, pressure
and target-substrate-distance (working distance WD) each were toggled be-
tween three distinct values. The input power was set to either 180, 1000 or
2000 W, and the WD to either 45, 62 or 78 mm. The pressure was varied by
means of a throttle valve. At an unaltered Ar flow of 100 sccm, it took values
of 1.6 · 10−2, 9.3 · 10−2 and 1.7 · 10−1 mbar. The pressure was monitored by
means of a MKS Baratron pressure gauge (uncertainty: 0.25%).
2.2 Characterization techniques
2.2.1 Electrochemical characterization
Results that are discussed in this work and have been acquired using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) all
have been gathered on macro-sized electrodes with a geometrical area of 0.5
cm2. In some of the actual or intended applications of the developed films,
such as in the Epi-Ret implant, the electrodes are micro-sized [31]. Measure-
ments regarding differences between the behavior of macro- and micro-sized
electrodes have been published [78], but will not be discussed within this
work, which focusses primarily on material and process development and
characterization. The same argument applies to measurements using pulsed
current or voltage excitations rather than DC voltage excitation as in the
case of CV measurements [79].
To determine the charge delivery characteristics of IrOx films, CV was
performed on a EG&G 283 Potentiostat/Galvanostat in physiological saline
solution (0.9% NaCl). A standard electrochemical three-electrode cell with
an Ag/AgCl reference and a Pt counter electrode was used, the scan rate
was held constant at 100 mV/s.
The anodic charge delivery capacity was calculated using
Qa =
1
υ
∫ Ec
Ea
|i|dE, (2.1)
with E as the electrode potential vs. Ag/AgCl, i the measured current
density, υ the scan rate, and Ec and Ea as the cathodic and anodic potential
limits, respectively.
In order to ensure comparability, Qa was determined using similar poten-
tial limits Ec and Ea. In the case of metallic Ir samples, the limits were
-0.9 and 1.1 V. Hydrogen and oxygen evolution reactions resulting in current
peaks at high negative and positive voltages, respectively, were more clearly
depicted for metallic Ir samples, and it was possible to estimate and subtract
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their contributions. For IrOx samples, the limits usually were -1.2 to 1.3 V.
In the occurrence of H2 and O2 gas evolution, the limits were reduced.
In order to evoke a higher electrochemical activity (electrochemical acti-
vation), IrOx thin films were repeatedly cycled within a range excluding H2
and O2 evolution [80]. For activation, the potential limits were tested for
each sample and set to maximum values evading gas evolution reactions.
The uncertainties of cyclic voltammetry were evaluated by repeated mea-
surements. Accuracy and repeatability depend on the state of sample and
electrolyte, i. e. substrate defects, film thickness variations and local contam-
inations, as well as contacting. Since electrical contact was made directly
with the specimens, which are of low conductivity, the CV data can be of
distorted appearance. However, this does not influence data evaluation. The
total uncertainties were in the range of 5% of the measured value.
Impedance measurements were performed in the same electrochemical cell.
The disturbing sinusoidal signal had an amplitude of 10 mV from the open
circuit potential, and its frequency was tuned from 100 kHz to 100 mHz.
Impedance measurement uncertainties were estimated by repeated tests
on the same samples. As in the case of CV measurements, the results are
dependent on sample and electrolyte conditions, and on contacting. The
uncertainties were determined to be in the range of 9% of the measure-
ment value, in comparison, the measurement uncertainty of the employed
impedance analyzer (Solartron 1260) can be neglected.
2.2.2 Chemical and physical characterization
Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) and x-ray photo-
electron spectroscopy (XPS) measurements (XPS 5600, Physical Electronics)
were carried out by the Central Division of Analytical Chemistry, Forschungs-
zentrum Ju¨lich GmbH. The latter were performed using monochromatic Al
Kα radiation. Binding energies were referenced to the C 1s electron peak
due to residual hydrocarbons on the sample surface, taken at 285.0 eV. The
chemical bonding states and species concentrations were deduced from O 1s
and Ir 4f7/2 peaks. The data were fitted with Gaussian/Lorentzian functions.
For XPS measurements on electrochemically activated thin films, the final
applied potential was -0.3 V vs. Ag/AgCl.
ToF-SIMS investigations were performed using a TOF-SIMS IV (ION-
TOF GmbH, Mu¨nster) equipped with a 209Bi ion source. Depth profiles
were acquired in the negative secondary ion mode using 25 kV Bi+ (pulsed,
bunched) primary ions for analysis (100 µm x 100 µm) and 1 kV Cs+ ions
for sputter etching (300 µm x 300 µm).
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Crystal structures of Ir and IrOx films were investigated by X-ray diffrac-
tion (XRD) using CuKα radiation. X-ray reflectometry (XRR) was per-
formed by the I. Physikalische Institut, RWTH Aachen, using a Philips
X’pert MRD system. In order to simplify the evaluation of film density,
the measurements were fitted using a software tool (WinGixa). The density
was determined from the position of the total reflection edge [81,82].
Chapter 3
Reactive RF Sputtering onto
Cold Substrates
This chapter outlines a systematic approach to reactive RF sputtering of IrOx
onto cold substrates, and presents the general characteristics of IrOx sput-
tering. Generic curves, deposition rates, chemical composition and electro-
chemical behavior are discussed with respect to the optimization of coatings
for stimulation electrodes, and the basic mechanisms determining electrode
coating suitability are explained.
3.1 Generic curves and deposition rates
In order to characterize the reactive sputtering of IrOx, generic curves were
recorded at different powers, throttle values and Ar flows [5]. Fig. 3.1 shows
a schematic drawing of sputter chamber and gas flows.
The change in total pressure can be described as
dp
dt
=
1
V
(∑
i
Qini −Qadt,w +Qdest,w −Qs − p(t) · vp
)
, (3.1)
where Qini is the gas flow to the chamber through the mass flow controller
i, Qadt,w the gas adsorbed at target and walls, Q
des
t,w the gas emitted by target
and walls, and Qs the reactive gas gettered by the condensation of sputtered
material on substrate and walls. V denotes the chamber volume and vp the
system pumping speed. In the stationary case, adsorption balances desorp-
tion [83]. Hence, under the assumption of a constant system pumping speed,
the sum of the gas flows into the chamber before ignition of the plasma can
be expressed as
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DC/RFtarget electrode
Qin
Qt,w
Q (v )s f
substrate, chamber walls
p(t)
Qt,w
desad
Q (v )out p
Figure 3.1: Gas flows Q and pumping speeds v in the sputter chamber.
Qin: Ar and O2 supply; Qout: gas flow to system pump with pumping speed
vp; Q
ad,des
t,w : gas components adsorbing and desorbing at target and walls; Qs:
getter flow of oxygen to the growing film with pumping speed vf ; p: pressure.
∑
i
Qini = p0 · vp, (3.2)
and during sputtering as
∑
i
Qini = psp · (vp + vf ), (3.3)
respectively. vf denotes the film pumping speed, meaning the rate at
which the growing film getters reactive gas components. It can be deduced
from the combination of equations 3.2 and 3.3:
vf =
vp
psp
· (p0 − psp). (3.4)
vp is calculated using equation 3.2. In the experiment, vp, Q(Ar) and the
input power are held constant, whereas the oxygen gas flow (and thus the
oxygen partial pressure) is increased. Using the above equations, vf can then
be calculated for all oxygen inputs.
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Fig. 3.2 shows an exemplary measurement series performed at Q(Ar) =
100 sccm, P = 180 W and vp = 144 l/s. It can be seen that the getter effect
rises when increasing the oxygen gas supply and thus the oxygen partial pres-
sure p(O2). At a certain point the film pumping speed reaches its maximum
and declines.
Figure 3.2: Film pumping speed for oxygen at a system pumping speed
vp = 144 l/s, an Ar supply of 100 sccm, and a RF forward power of 180 W.
The uncertainties are determined by the pressure measurements.
A similar behavior has been reported for DC-powered deposition of IrOx
films under heat supply [5]. The curve shape is best explained by the ratio
of available Ir and oxygen. At low p(O2), the available oxygen is gettered
by Ir atoms on the substrate, the supply of Ir particles from the target is
greater than that of reactive oxygen. An increase in p(O2) balances oxygen
and metal availability, until at even higher p(O2), the supply of Ir is not
sufficient to consume the available oxygen. Reactive gas will start to adsorb
at the target, which is known as target poisoning. The sputter yield of Ir
decreases, leading to the generation of even less Ir condensation sites for
oxygen consumption. The target poisoning is yet enhanced [84].
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Based on the understanding of the general mechanisms, it is possible to
modify the course of vf . At a certain Q(O2), for example, an increase of vp
decreases p(O2) and expands the curve. Furthermore, the peak height and
location can be changed by altering the rate at which Ir atoms are released
from the target. As an example, Fig. 3.3 shows vf over p(O2) recorded at
different RF powers at otherwise unchanged conditions. A higher input power
increases the release rate (deposition rate) of Ir and thus the available sites
for oxygen consumption. As a result, the maximum film pumping speeds are
shifted towards higher p(O2). The peak heights, i. e., the amount of oxygen
gettered per time unit, increase with an increasing deposition rate of Ir. The
described mechanisms were employed by Inoue et al. [3]. They produced
stacked Ir/IrOx films at unchanged p(O2) by adjusting the release rate of Ir
via the input power.
Figure 3.3: Film pumping speeds for oxygen at different RF forward powers.
System pumping speed vp = 144 l/s , Q(Ar) = 100 sccm. For the sake of
clarity, error bars are shown for one data set only.
In the following, the process conditions shown in Fig. 3.2 are used as a
lead for a series of depositions. As vp was held constant, p(O2) and the
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oxygen supply Q(O2) are interchangeable indicators. The latter will be the
parameter drawn on in the following, since it represents a more concrete
notion. It is important to note that in contrast to other publications [30], the
combination of pumping speed and power was chosen such that the maximum
getter effect was well resolved, and at the same time, its decline was also
measurable.
Figure 3.4: Deposition rate (square symbols) and film pumping speed as
functions of oxygen flow to the sputter chamber. The uncertainties were de-
termined by repeated processing and profilometer measurements and compar-
ison with XRR measurements. vp = 144 l/s, Q(Ar) = 100 sccm, PRF,forward
= 180 W.
The analysis of deposition rates can be regarded as a further approach
to understanding the general behavior of the system. Fig. 3.4 shows the
obtained IrOx deposition rates and vf plotted over Q(O2).
As can be seen, the rate increases to a peak value and then declines. To
start with, the incorporation of oxygen into the film leads to a volume expan-
sion. This behavior is determined by the development of vf over Q(O2). Ac-
cordingly, the highest deposition rate occurs at the right edge of the plateau
marking vf,max. The subsequent and concurrent decrease in deposition rate
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and vf follows from the decreased sputter yield in the poisoned target con-
dition. Similar observations have been reported by Pinnow et al. and Horng
et al. for heated DC sputtering of crystalline IrOx films [5, 61].
In Fig. 3.4, a factor of roughly 2.26 separates the deposition rate of metallic
Ir from that of a film deposited at Q(O2) = 6.9 sccm, at the beginning of
the plateau of vf,max. As the ratio of molar volumes VIrO2/VIr = 2.26, this
suggests that stoichiometric IrO2 is formed at Q(O2) = 6.9 sccm [5].
It needs to be stated that in other reactively sputtered systems such as
Ti-N2, both generic curves and deposition rates are of slightly different ap-
pearance. One encounters a more pronounced drop in deposition rate as well
as a sharp increase in reactive gas partial pressure in the transition zone from
metallic to poisoned target [59]. Furthermore, on reversing the experiment,
a hysteresis is encountered, which is not the case for Ir-O2. The main reasons
for the comparatively smooth transitions found here are the high chemical
stability and low reactivity of Ir (physisorption rather than chemisorption on
the target) [5].
3.2 Surface structures
Fig. 3.5 shows the surface topographies of three samples, with appearances
typical for results obtained from reactive RF sputtering. At Q(O2) = 0 sccm
(Fig. 3.5a), the surface is characterized by small structures, the grainy ap-
pearance being characteristic for a columnar growth at low substrate temper-
atures (see section 6.2.1, [85]). Part b) of Fig. 3.5 shows a thin film deposited
at Q(O2) = 6.9 sccm, corresponding to the beginning of the plateau marking
vf,max in Fig. 3.2. The topography now appears grainier and rougher, the
structure size larger than in part a). Finally, upon further increasing the
oxygen supply to Q(O2) = 24.2 sccm, a different, platelet structure devel-
ops, which has been reported for DC sputtering of IrOx [1, 3]. In Fig. 3.2,
this point corresponds to the end of the plateau of vf,max. In this state, the
material loses coherence and is mechanically instable, which continues to the
highest oxygen inputs.1
The influence of oxygen on the film’s morphology is twofold, and effectu-
ates the growth of more voluminous and less densely packed coatings com-
pared to the metal. Firstly, the unit cell of the oxidic compound IrO2 as such
is less dense than the metallic cell, by a factor of 2.26. Secondly, as Ir and re-
active oxygen components react on the substrate to form oxidic compounds,
the surface mobility of the arriving Ir adatom is greatly reduced [61, 86, 87].
1The mentioned mechanical instability occurs only in films of thickness greater than
100 nm.
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Figure 3.5: SEM surface images of samples sputtered at 180 W RF forward
power and different oxygen supplies to the chamber. a) Q(O2) = 0 sccm, b)
Q(O2) = 6.9 sccm, c) Q(O2) = 24.2 sccm.
26 CHAPTER 3. REACTIVE RF SPUTTERING OF IROX
Species Eb (Ir 4f7/2) [eV] Eb (Ir 4f5/2) [eV] Species Eb (O 1s) [eV]
Ir 60.8 63.8 IrO2 529.9
IrO2, Ir(OH)3,4 61.5 64.4 O2, OH
− 531.4
Irx+, x>4 62.2 65.1 H2O 533.0
Table 3.1: Binding energies Eb detected by XPS. Left: Ir binding energies,
right: oxygen binding energies.
The ability to form a more tightly packed layer is diminished (see also sections
6.2.1 and 7.1). As a direct result, the grain size decreases to a few nm, and
XRD can not detect crystallinity in the oxidic samples, as also mentioned
by Kuzmin et al. [88]. Similar results were presented by Horng et al. [61]
for IrOx films that were reactively DC-sputtered at elevated temperatures.
With increasing oxygen content in the sputter chamber, film crystallinity
decreased due to lower Ir surface mobility. The effect was amplified by the
oxidation of the used Si substrates. Also for Ni oxides, equivalent results
were published [87]. With an increasing p(O2), the grain sizes decreased.
3.3 Chemical composition of RF-sputtered films
XPS analysis is applied to compare film composition and bonding states
of metallic to oxidic, and stable to powder-like films. Table 3.1 gives an
overview of the species present in the samples, the detected binding energies
were referenced to earlier publications [11,21,26,27,50,61,89,90]. As examples
of XPS spectra, Fig. 3.6 shows Ir 4f peaks of two samples deposited at 0 (a)
and 6.9 (b) sccm oxygen flow. The fits of contributions are included.
The chemical compositions of these and further RF-sputtered IrOx films
are summarized in Table 3.2. Deposition at zero oxygen feed-in delivers
a metallic sample. Small amounts of an oxygen-containing Ir species are
detected, resulting from residual gas in the sputter chamber, as well as water
and hydroxyl groups, adsorbed during storage. Already starting at a low
oxygen input of 1.7 sccm, the Ir 4f peak shifts to higher binding energies,
and, different from earlier reports regarding DC-sputtered IrOx [30], pure
metal is no longer detected.
On all samples shown in Table 3.2, high concentrations of hydroxyl groups
or excess oxygen are detected, as well as a high degree of adsorbed water or
hydration. The oxidic samples contain Ir atoms of two different valences, the
first one either in tetravalent form (IrO2 or Ir(OH)4), or in trivalent Ir(OH)3.
The analysis technique employed does not permit unambiguous distinction
between the mentioned groups, which was also found by Jung et al [91]. In
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Figure 3.6: Exemplary XPS measurements and fits (Ir 4f) of RF-sputtered
samples deposited at Q(O2) = 0 (a) and 6.9 sccm (b). The binding energies
used for fitting are listed in Table 3.1. Included are contributions of Ir4+
satellite peaks at Eb(Ir
4+) + 1.3 eV.
most instances, though not in all, Ir(IrO2)/O(IrO2) = 0.5, consistent with the
lattice oxide stoichiometry. XPS is not able to clarify whether stoichiometric
IrO2 is formed preferably atQ(O2) = 6.9 sccm, as the deposition rate analysis
had suggested.
The second Ir valence Irx+, where x>4, can not unambiguously be affili-
ated with a certain chemical compound, as XPS analysis does not allow to
distinguish between OH and Ir(OH)x in the O 1s region. The species has
been shown to exist in IrOx formed by other methods, but not by reac-
tive sputtering [27, 50, 56, 90, 92, 93]. It is not as commonly reported on as
Q(O2) Ir IrO2, Ir
x+, O O O Ir4+/Irx+
[sccm] Ir(OH)3,4 x > 4 (IrO2) (OH
−,O2) (H2O)
0 20.8 9.4 0 4 40.2 25.5 -
1.7 0 16.1 6.6 18.4 50.6 8.6 2.5
6.9 0 8.4 7.5 18.1 46.3 19.8 1.1
10.4 0 9.7 8.3 18.5 48.9 14.7 1.2
24.3 0 7.5 9.1 14.8 53.6 15 0.8
90.1 0 7.1 8.3 14.2 56 14.4 0.9
6.9∗ 28.9 25.7 0 20.1 14.7 10.7 -
Table 3.2: Composition [at. %] of RF-sputtered IrOx films deposited at dif-
ferent Q(O2).
∗: after two minutes Ar backsputtering.
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Ir3+,4+, which are well-known especially with regards to reduction/oxidation
in electrolyte. The available literature does not unambiguously declare the
instability of Irx+, x>4. Its formation might be a result of surface oxidation
in air [50]. Nevertheless, on grounds of the available data, the main difference
between the oxidic samples is the ratio of Ir4+/Irx+.
Compounds containing Irx+ are present in all oxidic samples, also in stable
films (see Table 3.2). For Q(O2) = 6.9 sccm, from Table 3.2, Ir
4+/Irx+ = 1.1,
meaning that the common compound IrO2 prevails upon deposition in the
metallic target mode. On the contrary, at the far side of the plateau of vf,max
in Fig. 3.2 (Q(O2) = 24.2 sccm), Ir
4+/Irx+ = 0.8.Without being able to clar-
ify the exact reason, the formation of powder-like films and the predominance
of Irx+ correlate with the deposition in the poisoned target mode.
The above discussed XPS data were acquired without a prior sputter etch-
ing of the samples. The last row of Table 3.2 contains exemplary XPS data
of a sample after two minutes Ar sputter etching. All oxidic samples can be
reduced to metallic films, which is known as preferential sputtering [26]. Irx+
is first reduced to Ir3+ or Ir4+. The early reduction supports the mentioned
claims regarding Irx+ being a product of surface oxidation [50]. Subsequently,
reduction to Ir with excess molecular O2 or attached hydroxyl groups takes
place [61]. H2O and O2 or OH concentrations drop upon sputter etching,
but still are detectable, meaning the signals are not solely associated with
surface phenomena, but with species in the film volume.
A final conclusion regarding the origin of Irx+ can not be drawn. In order
to be able to clarify its nature, further investigations have to exclude surface
oxidation after deposition, which can be achieved by in-situ methods.
3.4 Electrochemical properties of RF-sputtered
films
Fig. 3.7 shows cyclovoltammetric data of three films deposited at Q(O2) = 0,
6.9 and 24.2 sccm after activation with 50 cycles, surface structures of which
had been shown in Fig. 3.5. An oxygen flow of 24.2 sccm is associated with
vf,max and accordingly the highest deposition rate (see figure 3.4). Q(O2) =
6.9 sccm stands for deposition at the beginning of the plateau of vf,max.
All three curves comprise several current peaks. Charge exchange reac-
tions in Ir, activated Ir and IrOx have been discussed by several authors, a
number of different models and reaction paths were proposed [16, 30, 36, 47,
80,93,94]. The current peaks are caused by reversible redox reactions as well
as by electrolysis at high positive and negative potentials. Peak locations
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Figure 3.7: CV data of Ir(Ox) thin films deposited at different oxygen flows
Q(O2). The films were activated with 50 cycles. See Fig. 3.5 for surface
images of the as-deposited films.
and peak forms of the films under study are comparable, which indicates
equivalent redox reactions, however, the film responses differ strongly in the
current magnitude.2
Fig. 3.8a) shows the anodic charge delivery capacity Qa evaluated from CV
measurements on deposited films and the film pumping speed vf as functions
of oxygen supply during sputtering. Part b) of the same figure shows the dou-
ble layer capacitance Cdl as extracted from Bode plots. Assuming a Randles
cell as an equivalent circuit model, the electrode impedance is dominated by
the double layer capacitance at lower frequencies. Under these premises, the
capacitance C can be calculated from |Z| = (ωC)−1 at a frequency ω = 1s−1.
2The exact peak locations and forms in the CV diagram are determined by the existence
of redox sites at different formal potentials [30]. However, it is not the focus of this work
to investigate the detailed mechanisms of charge transfer.
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The courses of double layer capacitance and charge delivery against Q(O2)
and vf are congruent. Cdl depends on the electroactive area available for
charge transfer, and an increase in area will effectuate an increasing Qa.
As both graphs illustrate, the electrochemical properties are strongly de-
pendent on Q(O2) and thus vf . At low Q(O2), Cdl and Qa increase in value,
just as steeply as does vf . Note that Qa,max = 80 mC/cm
2 and Cdl,max = 6.5
mF occur at the beginning of the plateau of vf,max, at Q(O2) = 6.9 sccm
(Fig. 3.5 b). As the analysis of deposition rate had suggested, stoichiometric
IrO2 is formed at this point.
Hence, up to a point determining the onset of vf,max, electrochemical ac-
tivity increases with increasing getter flow to the layer. Still on the plateau of
vf,max, but at higher oxygen flows, the activity drops. This is accompanied by
a transition from grainy to platelet topography, and by a loss of mechanical
stability of the thin films upon target poisoning.
From the SEM images of Fig. 3.5, changes in surface topography and
porosity are the main causes for increasing and decreasing electrochemical
activity. Although the peak potentials shown in the CV curves of Fig. 3.7
are influenced by the oxygen supply to the sputter chamber, general changes
in redox behavior do not occur.
This is corroborated by the chemical composition analysis. Compared
to the deposition of metallic Ir, a reactively sputtered film is more easily
permeable for water and ionic species, leading to a higher charge delivery.
The different current magnitudes shown in the CV data are related to a
difference in number of accessible reaction sites.
The interplay between oxygen and Ir availability on the substrate takes
the decisive role for the formation of the most useful morphology (see section
3.2). At too low oxygen supplies, the layer is too densely packed. At a
too high oxygen supply, a state in which also the target is poisoned, free
surface energy is minimized by the formation of less electroactive platelets.
At a balanced oxygen supply, corresponding to a target state shortly before
poisoning, the arriving Ir adatom and oxygen particle quickly react on the
substrate. The average diffusion length of an Ir adatom before reaction is
low, resulting in a high defect density. This, in turn, is directly measurable
as pores and available surface for redox reactions (see section 6.2.1).
Similar results were reported with respect to reactively sputtered Ni ox-
ides [87]. With an increasing p(O2), crystalline order and grain sizes de-
creased. Consequently, the measured interfacial capacitance increased due
to an increase in active surface area.
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Figure 3.8: a) Anodic charge delivery capacity Qa and film pumping speed vf
over oxygen supply Q(O2). b) Double layer capacitance Cdl and film pumping
speed vf over Q(O2). Cdl and Qa evaluated after 100-fold activation cycling
of the thin film. Uncertainties were determined by repeated measurements.
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3.5 Summary
This chapter presented an approach to understanding the general behavior
of the RF-sputtered IrOx system with respect to application as stimulation
electrode coating.
The oxygen flow to the growing film was determined by an analytical
approach. It was shown that deposition rate, surface structure and chemical
composition are unambiguously tied to the development of vf over Q(O2). In
turn, these properties determined the electrochemical characteristics of thin
IrOx films.
The peak values vf,max were levelled on a plateau, along which target
poisoning occurred. At the beginning of the plateau, the electrochemically
most active films were deposited, with a roughened surface structure. Still
on the plateau, but at higher oxygen flows, mechanically instable thin films
with a platelet surface structure and with limited electrochemical activity
were deposited. At this point, the maximum deposition rate was reached.
Electrochemical activity was linked to available active sites and thus to-
pography, as chemical composition and electrochemical data did not suggest
general changes in redox behavior.
The relationship between deposition characteristics, chemistry and mor-
phology is further investigated in the next chapter. Based on the general
findings presented here, the focus is expanded to clarify the influences of
plasma excitation (DC vs. RF sputtering), substrate temperature, and elec-
trochemical activation.
Chapter 4
Plasma Excitation, Substrate
Temperature, and Activation
Based on the findings described in the previous chapter, this chapter reports
on the comparison of RF and DC sputtering of IrOx onto cold and heated
substrates. XPS and ToF-SIMS, SEM and electrochemical techniques are
employed to examine the influence that chemical composition, film morphol-
ogy and activation of IrOx have on stimulation characteristics. It is clarified
in how far plasma excitation and temperature alter oxygen integration into a
growing film, and whether the range of deposition of stable films can be ex-
panded. In terms of application, the chapter discusses the process conditions
delivering the electrochemically most active coatings.
4.1 Comparison of deposition characteristics
As had been shown in the preceding chapter, the analysis of generic curves
is the key to understanding most effects regarding the deposition and char-
acteristics of IrOx films. In this respect, this chapter is opened with a brief
section about similarities and differences between generic curves obtained by
RF sputtering onto cold and heated substrates as well as cold DC sputtering.
Fig. 4.1 shows the oxygen flow to the growing films versus oxygen supply to
the chamber. All curves were recorded at 180 W (forward power for RF) and
a system pumping speed of 144 l/s. For all process conditions, the general
curve shape is the same, and follows the pattern described in chapter 3.
Compared to DC-powered sputter deposition, RF sputtering yields a lower
maximum oxygen integration rate, which also sets in at a slightly earlier
stage. This effect is due to the combination of two factors: Firstly, RF depo-
sition rates typically are lower, generating a lower flux of Ir reaction partners
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Figure 4.1: Rate of oxygen integration (film pumping speed vf ) into the
growing film for RF and DC cold sputtering as well as RF warm sputtering,
as a function of oxygen supply to the sputtering chamber Q(O2). All curves
were recorded at 180 W (forward power for RF) and a system pumping speed
of 144 l/s. For clarity, error bars are only shown for one data set.
(see below, [66, 67, 69, 71]). Secondly, the RF plasma is known to be denser
than its DC counterpart [63, 72], which leads to a higher rate of oxygen dis-
sociation [69]. Higher numbers of reactive O species and lower numbers of
available Ir reaction partners lead to the observed earlier peak. A similar
observation has been made by Martin and Rousselot for Ti-O and Cr-O [66].
Irrespective of measurement uncertainty, a heated substrate yields a slightly
lower maximum integration rate, also with an earlier inset. Enhanced reac-
tivity of Ir atoms on the heated substrate can serve as a tentative explanation.
Furthermore, diffusion lengths of Ir species on the substrate are increased,
i. e., the radius within which an oxide compound can be formed. This way,
the probability of a reaction is enhanced.
Fig. 4.2 shows plan-view SEM images of samples deposited at the re-
spective highest rate of oxygen integration of all three process conditions.
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The films were sputtered at Q(O2) = 6.9 sccm for both RF types and
Q(O2) = 10.4 sccm for DC. Fig. 4.2a) shows a sample deposited under RF
excitation and onto a cold substrate. The surface is characterized by a grainy
appearance and hillocks. The warm sputtered sample of Fig. 4.2b) appears
comparably smooth and unvoided. As additional energy supply by heat
enhances surface diffusion, adatoms can reorganize and form more tightly
packed layers. Substantiating the observations, partial crystallinity detected
by XRD develops only in these samples (data not shown). DC-sputtered
samples (Fig. 4.2c) have the most open appearance. Voids are clearly visible
on the surface between the growth columns, and cauliflower-type structures
possessing self-similarity at higher resolutions can be seen only here.
The smoother features developed during RF sputtering can be explained
by the plasma characteristics. As is known, magnetron confinement is less
pronounced in RF plasmas [68], meaning that the discharge expands further
from the target. As a result, the energetic flux of plasma species to the
growing film is more expressed [64, 65, 68]. The additional energy input,
similar to the case of heated sputtering, leads to enhanced surface remodelling
by adatom diffusion.
For all sets of process conditions, the dependence of deposition rate on
Q(O2) is as has been described for cold RF sputtering (see section 3.1).
Metallic Ir is grown at rates of 4.2 (RF, warm), 5.4 (RF, cold) and 6.7
nm/s (DC, cold). These differences are due to a higher packing density as a
result of heating and also express the typically lower deposition rates in RF
sputtering.
The similarity of deposition characteristics between all process conditions
extends to the formation of powder-like films. Exactly as had been detailed
in the preceding chapter for cold RF sputtering, instable films are formed by
cold DC and warm RF sputtering at sufficiently high Q(O2), starting along
the plateau of vf,max.
4.2 Chemical composition
Table 4.1 shows compositions of films processed under heat supply, with all
remaining parameters unaltered with respect to cold sputtering. Referencing
the entries to compositions of cold RF-sputtered films (Table 3.2 on page 27),
warm sputtered IrOx contains all compounds found in the cold counterparts,
and also in comparable concentrations.
The DC films analyzed by XPS are chosen referencing the location of
points on the DC and RF oxygen integration curves of Fig. 4.1. At an oxy-
gen supply of Q(O2) = 10.4 sccm to the DC sputter process, the oxygen
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Figure 4.2: Surfaces of samples deposited by a) RF sputtering onto a cold
substrate, b) heated RF sputtering and c) DC sputtering onto a cold sub-
strate. Input power P = 180 W (forward power for RF). Q(O2)=6.9 sccm for
both RF samples, Q(O2)=10.4 sccm for DC, corresponding to the respective
highest rates of oxygen integration.
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Q(O2) Ir IrO2, Ir
x+, O O O Ir4+/Irx+
[sccm] Ir(OH)3,4 x > 4 (IrO2) (OH
−,O2) (H2O)
6.9 0 10 8.8 17.7 51.3 12.2 1.1
24.3 0 8.9 10 15.6 53.9 11.6 0.9
Table 4.1: Composition [at. %] deduced from XPS measurements of warm
RF-sputtered IrOx films deposited at different Q(O2). The compositions can
be compared to those of films sputtered under equivalent conditions onto a
cold substrate (Table 3.2 on page 27).
Q(O2) Ir IrO2, Ir
x+, O O O Ir4+/Irx+
[sccm] Ir(OH)3,4 x > 4 (IrO2) (OH
−,O2) (H2O)
10.4 0 13.5 9 20.8 46 11.1 1.5
45 0 8.8 9.5 17.6 54.9 9.2 0.9
Table 4.2: Composition [at. %] of cold DC-sputtered IrOx films deposited
at different Q(O2). As to locations of points on the DC and RF oxygen
integration curves of Fig. 4.1, Q(O2) = 10.4 (45) sccm in the DC process
corresponds to Q(O2) = 6.9 (24.3) sccm for RF. The compositions can thus
be compared to those of Table 4.1 and Table 3.2 on page 27.
integration rate into the film is just reaching its maximum level. This corre-
sponds to Q(O2) = 6.9 sccm for RF. At Q(O2)=45 sccm for DC, the far side
of the plateau has been reached (24.3 sccm for RF).
DC films contain all compounds found in RF-sputtered samples, as ex-
tracted into Table 4.2. The former show a higher concentration of Ir in
oxidic or hydroxide form, the ratio Ir4+/Irx+ is increased. Also, the water
concentration decreases, however, as a whole, the measured compositions do
not undergo significant changes when varying the plasma excitation.
4.3 Electrochemical characterization
Fig. 4.3 comprises CV data of three samples sputtered at the respective high-
est rate of oxygen integration into the film for each deposition type (RF cold
and warm at Q(O2) = 6.9 sccm, DC cold at Q(O2) =10.4 sccm), surfaces of
which are shown in Fig. 4.2. As had been discussed in the preceding chapter,
the films produced under maximum oxygen integration are electrochemically
most active. The following sections focus on samples deposited under these
conditions. The data shown in Fig. 4.3 were extracted without prior repeated
potential cycling, meaning the surfaces are nearly as-deposited.
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Figure 4.3: CV of as-deposited (non-activated) samples sputtered at the
respective highest rate of oxygen integration for RF (cold/warm) and DC
(cold) sputtering (see Fig. 4.2 for surface images).
Equivalent redox reactions are indicated by similar peak locations and
forms. This is in line with XPS analysis which had shown that plasma
conditions and substrate temperature independently yield chemically com-
parable films if deposited under equivalent oxygen flows. Nevertheless, the
film responses differ in the magnitude of redox currents, which indicates a
difference in number of accessible reaction sites on or within the film.
Cold- and DC-sputtered samples have the highest response to voltage
excitation, whereas the films sputtered under heat supply are least active.
The decreased electrochemical activity of warm-sputtered samples can be
explained by tighter packing and fewer available reactive sites (see section
4.1). Ion insertion into the film and to reaction sites is limited. The denser
film morphology is caused by the additional input of thermal energy to the
substrate. In turn, a higher mobility of sputtered adatoms on the substrate is
generated, allowing the reorganization of films towards lower defect densities.
Similar observations have been made regarding the electrochromic properties
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of IrOx which, after annealing and formation of a partially crystalline struc-
ture, showed a decreased ionic conductivity [14]. The slight differences in
film composition seen in XPS can be assumed to play a minor role.
DC-sputtered samples show a slightly higher electrochemical activity than
their cold RF-sputtered counterparts. This can be attributed to the rougher
and more porous film structure. At this point, it remains to be answered
whether the rougher surface deposited under DC plasmas is solely due to a
smaller energy flux to the substrate (see discussion in section 4.1), or whether
it also is influenced by the slightly altered concentrations of Ir oxides, hy-
droxides and water.
4.4 Morphology and chemistry of activated
IrOx
SEM analysis, XPS measurements and SIMS depth profiling on activated
samples were carried out in order to determine in how far activation leads
to changes in chemical composition and morphology. A further relevant
question is whether any of the investigated sputter parameters generate as-
deposited thin films that are similar to activated ones, which would render
the procedure of activation before application unnecessary.
Activation is generally understood as repeated potential cycling to higher
electrochemical activity or charge delivery. The phenomenon has been in-
vestigated in detail with respect to metallic Ir. For these electrodes, it is
widely accepted that upon potential cycling, ionic species advance into the
Ir matrix and a hydrated oxy-hydroxide of non-compact nature is formed
[16, 18, 30, 47, 93]. The evolving structure can be regarded as weakly cross-
linked, the matrix being permeated with water and ionic species [47]. Not
only metallic films, which grow anodic oxide layers, but also non-metallic
films such as the ones described here can be activated. Contrary to research
performed on metallic Ir, XPS investigations regarding the activation of non-
metallic IrOx thin films are not available.
However, due to lack of data regarding the presence of surface interme-
diates, it will not be hypothesized on certain reaction paths. Instead, this
section focuses on the influence that changes in chemical composition can
have on morphology as well as electrochemical (macroscopically measurable)
characteristics of a stimulation electrode coating. As an example for acti-
vation, Fig. 4.4 shows CV and impedance data of a cold RF-sputtered film
prior to and after 100 potential cycles. The anodic charge delivery increases
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from 48.5 to 80 mC/cm2, the cut-off frequency drops by more than an order
of magnitude.
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Figure 4.4: CV and impedance data of a cold RF-deposited sample (Q(O2) =
6.9 sccm) prior to and after activation (see also Fig. 4.2a).
Fig. 4.5 includes two fracture cross sections of the same IrOx sample, the
top part showing the film in the as-deposited state, the bottom one the acti-
vated film. 2000-fold potential cycling not only alters the surface appearance,
but also largely overrides the initial columnar growth morphology still seen
in Fig. 4.5a). As an effect, the structural anisotropy developed during film
growth is alleviated. ToF-SIMS and XPS were employed to describe these
changes on a chemical scale.
Fig. 4.6 shows a fracture cross section and the corresponding ToF-SIMS
depth profile of a partially activated sample deposited at Q(O2) = 6.9 sccm
(RF, cold substrate, 300 nm IrOx plus 50 nm Ti adhesion layer). In this
case, the potential was cycled only for 150 times, leaving the lower part of the
sample inactivated. During depth profiling the sample is eroded by primary
ions, therefore measurement time corresponds to sampling depth. Sputtering
was carried out until Ti adhesion layer and SiO2 substrate were reached. The
vertical dashed lines indicate the observed layered structure of the sample,
consisting of activated IrOx, as-deposited IrOx, Ti and SiO2. After about
250 s, the intensity of an Ir and OH containing compound (let Ir(OH)3 serve
as an example) decreases by a factor of roughly 30, whereas an Ir oxide
compound (Ir2O2) as well as molecular O2 are more or less constant. This
indicates the border between activated and underlying non-activated part
and therefore a transformation of structure and properties when crossing
it. Other Ir oxide components mentioned in the course of preceding and
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Figure 4.5: Sectional views of an IrOx thin film (DC, cold sputtering,
Q(O2) = 10.4 sccm) before (a) and after activation (b). The defect in the
foreground of the activated surface is a residue from sample sectioning, the
nodule in the background is the result of growth on substrate defects (see
section 7.2).
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following XPS discussions were not used for analysis due to saturation of
counts.
As had been shown by Ko¨tz et al. for anodic iridium oxide films, oxida-
tion states detected by XPS depend on the final potential applied to the film
before it is lifted from the electrolyte [27]. The application of different pos-
itive potentials (0.0 V, 0.9 V and 1.25 V vs. a saturated calomel electrode)
resulted in an increasing shift of the O 1s signal to lower energies, accompa-
nied by a broadening of the structure. The Ir 4f peaks, on the other hand,
remained unaffected. Also in the present case, the final electrode potential
being negative at -0.3 V vs. Ag/AgCl, the Ir 4f energies and structure per-
sist. On the contrary, significant changes can be seen in the O 1s signals of
Fig. 4.7, showing measurements on a sample (cold, RF, Q(O2) = 6.9 sccm)
before and after activation. Compared to the broad peak in the as-deposited
state, which contains the three O compounds mentioned before, the signal
has narrowed as a result of activation. It is now centered at 531.4 eV, the
binding energy of OH− and O2.
The chemical compositions evaluated from XPS measurements of two films
(cold substrate, RF plasma, different oxygen partial pressures during depo-
sition) before and after repeated potential cycling are found in Table 4.3. As
the samples were left to dry prior to XPS analysis, the water concentration
does not increase upon activation. Activated samples have the highest con-
centration of hydroxyl groups or O2 and the lowest concentrations of O in
IrO2 of all investigated samples. For increasing positive electrode potentials,
as shown by the measurements of Ko¨tz et al., the ratio of hydroxyls to oxides
can be expected to decrease again.
In the samples discussed here, the concentrations of lattice oxide are in
line with IrO2 stoichiometry before activation, but strongly deviate in the
activated state. Along with the high OH− concentration, this proposes that
Ir hydroxides such as Ir(OH)3 or Ir(OH)4 have been formed. The data in
row three of Table 4.3 show that only about 1.65% (3.3%/2) of all detected
species are Ir4+ bound in IrO2. The remaining 4.55% (6.2%-1.65%) (Ir species
in column 2) are part of Ir(OH)3,4. This is in accordance with the above
discussed SIMS depth profiling.
Furthermore, the data also confirms earlier postulations by Zerbino et
al. [80] and Augustynski et al. [50], albeit proposed with respect to the acti-
vation of pure Ir metal to IrOx in dilute sulphuric acid. In aqueous solutions,
IrO2 can take the form of Ir(OH)4, equivalent to IrO2 · H2O. The formation
of such a compound implies that the binding forces left on Ir species in re-
lation to the metal-oxide lattice are practically cancelled out, leaving a film
of hydrated oxy-hydroxides, easily permeable for ions from solution. This
change in film nature even becomes visible (see Fig. 4.5). Thus, through
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Figure 4.6: a) SEM cross section of a sample (RF, cold sputtering, Q(O2) =
6.9 sccm) fractured after partial activation. The electrolyte penetrates from
the top as indicated by the arrow. The activated part is framed. b) ToF-
SIMS depth profile of the same sample. The profile consists of four layers:
I: activated IrOx, II: as-deposited IrOx, III: Ti adhesion layer, IV: SiO2
substrate.
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Figure 4.7: XPS O 1s peak of a cold RF-sputtered (Q(O2) = 6.9 sccm) thin
film before and after activation.
changes on the chemical scale, the film structure is largely altered, which is
manifested in a higher electroactivity, caused by easier ion insertion.
As Table 4.3 also shows, Ir4+/Irx+ < 1 after activation. In the preceding
chapter, a ratio of Ir4+/Irx+ < 1 was found solely in as-deposited samples
of platelet morphology and mechanically instable, powder-like form. These
films are the product of deposition with high oxygen feed to the sputter
chamber (see Ir4+/Irx+ ratios in Table 3.2). However, although Ir4+/Irx+
is similar to as-deposited, instable films, activated samples do not resemble
those described as instable, neither electrochemically, nor morphologically.
It follows that Ir4+/Irx+ as such is not a general indicator for stability or
electrochemical activity of an IrOx thin film.
The inspection of XPS data and the SEM image of Fig. 4.5 shows that none
of the investigated as-deposited films (RF cold or warm, DC cold) compares
chemically with the activated films. In particular, the high concentration of
hydroxides as well as the strong deviation from IrO2 stoichiometry can not
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Q(O2) Ir IrO2, Ir
x+, O O O Ir4+/Irx+
[sccm] Ir(OH)3,4 x > 4 (IrO2) (OH
−,O2) (H2O)
6.9 0 8.4 7.5 18.1 46.3 19.8 1.1
10.4 0 9.7 8.3 18.5 48.9 14.7 1.2
6.9 (act.) 0 6.2 6.5 3.3 71.6 12.4 0.9
10.4 (act.) 0 6.5 7.9 6.8 65 13.9 0.8
Table 4.3: XPS-deduced compositions [at. %] of two cold RF-sputtered IrOx
films before (first and second row) and after activation (third and fourth
row).
be found in any of the non-activated films. From the data obtained, it can
be stated that similar to the activation of metallic Ir (formation of anodic
IrOx films or AIROF), the activation of IrOx results in chemical alteration.
Activation of IrOx proceeds to transfer between iridium oxide and hydroxide
species. Upon activation, the morphology is transformed, which enables
more redox centers to be reached by ionic solution and then to partake in
reactions. The resultant structure, again similar to AIROF, can be described
as an oxy-hydroxide of non-compact nature.
A more open structure is beneficial in so far as allowing a higher initial
charge delivery in a pre-activated state, and facilitating activation, because
charge transfer as well as activation are based on ion insertion into the ma-
terial. A favorable structure depends on plasma excitation, oxygen partial
pressure and substrate temperature. In this respect, of the investigated pro-
cess conditions, DC-sputtering onto cold substrates at optimized oxygen flow
has proven most useful for stimulation electrode coatings.
4.5 Summary
It was shown that the location and magnitude of maximum oxygen inte-
gration rates into growing IrOx films is influenced by the type of plasma
excitation, whereas substrate temperature exerts minor influence. DC depo-
sition favored the development of rough and voided films. In RF sputtering, a
more expressed flux of energetic species to the substrate lead to the growth of
smoother deposits. Additional heat supply amplified surface reorganization
to form tighter packed films, partial crystallinity developed. Cyclic voltam-
metry and XPS analysis of reactively sputtered IrOx thin films showed that
plasma excitation (RF, DC) and substrate temperature (cooled, 250◦C) do
not exert major influence on chemical composition. The existing strong dif-
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ferences in electrochemical activity thus had to be explained on grounds of
different morphologies.
It was further shown that activation of IrOx by repeated potential cycling
in electrolyte alters the film composition in transforming between iridium ox-
ides and hydroxides. As a result, the typical column structure of the deposit
transmuted to a non-compact matrix, which enabled easier ion insertion to
redox centers for charge transfer reactions. These observations are similar to
other authors’ results related to the activation of Ir metal.
DC-powered deposition of IrOx onto cooled substrates was most favor-
able for stimulation electrode coatings. Here, the most porous structures
were deposited, allowing for both highest initial charge transfer capacity and
strongest activation.
Based on the findings presented in this chapter, the following chapters
describe simulations and experiments focussing on the atomistic mechanisms
that cause the differences in morphology.
Chapter 5
Simulation of Sputter
Deposition
This chapter contains a description of the simulations of sputter deposition
of metallic Ir, and literature overviews pertaining to the simulations. They
allow comparisons between experimental data and theoretical predictions,
and thus enable to draw conclusions regarding the understanding of the de-
position process. Furthermore, they are valuable tools for deriving useful
parameters in future experiments. The simulation results and the compari-
son to experiments are detailed in chapter 6.
In the first part, the model of transport of sputtered Ir atoms from target
to substrate is described. A description of the model of Ir film growth on the
substrate follows in the second part.
5.1 Monte Carlo simulation of gas phase trans-
port
5.1.1 State of the art
The model of sputter transport detailed in the following section is based on
previously published works on Monte Carlo (MC) simulations of a diversity
of sputtered materials [95–102]. The transport simulations trace the path
of single atoms from their ejection from the target through the gas phase.
Upon collisions with Ar background gas atoms, the particle changes direction
and loses a fraction of its energy. Once the particle hits either substrate or
chamber walls, the calculation is turned to the next atom. The simulations
deliver a set of atoms with an impact angle from the substrate normal, an
impact energy and an impact location. Mainly by way of collisions, the
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results are determined by the choice of target-substrate working distance,
background gas pressure and initial energy (determined by the target bias
voltage).
Coronell et al. [95] simulated the transport of sputtered atoms during
Ti deposition. A variable hard-sphere (VHS) model was employed which ac-
counts for the variation of collision cross section with kinetic energy of the Ti
atom. The energy of Ar atoms was assumed to follow a Maxwell-Boltzmann
distribution. Different deposition setups were compared for deposition rate,
symmetry and step coverage, with good agreement between measured and
computed deposition profiles.
Also for sputtering of Ti, Motohiro [99] compared a hard-sphere (HS)
model (constant collision cross sections of Ti and Ar) to a VHS approach.
The latter was based on a potential interaction model. Regarding film thick-
ness profiles, little differences between HS and potential interaction model
were found. In case the sputtered atoms had lost their kinetic energy due
to multiple collisions (known as thermalization), the further diffusive and
non-directional movement through the sputter chamber was modelled by a
random walk.
Comparisons of HS and VHS approaches were also presented by Serikov
et al. [97]. The VHS model was closer to experimental growth rates of Al
films. The simulation gained precision by reemission of atoms which had
been deposited back onto the target due to scattering and diffusion. Further
improvements in quantitative comparison with experimental deposition rates
were achieved by accounting for flow fields of gas in the chamber.
Nakano and Baba [100] treated high pressure sputtering as a combina-
tion of MC and diffusive approach. They obtained the position of thermal-
ized particles in the sputter chamber from MC calculations, and solved the
Poisson equation to model the further diffusive movement at 5 · 10−2 mbar.
Compared to random walk approaches, the results were equivalent, the calcu-
lation speed, however, was drastically improved. Similar investigations were
performed by Smy et al. [102].
The transport of a variety of atoms with different binding energies and
masses at pressures from 5 · 10−3 to 5 · 10−2 mbar was simulated by Turner
et al. [101]. The fraction of particles arriving at the substrate increased
with atom mass and binding energy. An increase in pressure decreased the
average kinetic energy of heavy atoms incident on the substrate. For atoms
lighter than Ar, the mean kinetic energy at arrival was constant, which was
explained by an increase in the proportion of high-energy atoms reaching
the substrate. Atoms of low energy were preferentially reflected towards the
target or scattered to the chamber walls.
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Nathan et al. [98] modelled sputtering on a facing target geometry for
elemental and alloy targets. The atoms’ impact angular distributions hardly
changed from 1 · 10−2 to 10 · 10−2 mbar.
Also the energy flux to the substrate during magnetron sputtering can be
simulated by means of MC methods. This was reported by Ekpe et al. [96]
for Al and Cu deposition. The contributions of impacting atoms, reflected
neutrals, ions and electrons were accounted for. As the model neglected the
diffusive transport to the substrate, the modelled energy fluxes and depo-
sition rates were lower than the measurement values at high pressures and
target-substrate distances.
Models for transport of sputtered Ir atoms have not been presented in
the literature. Based on the above reports, the following section presents a
Monte Carlo approach designed to model the sputter transport of Ir in the
deposition tool used for the experiments.
5.1.2 Simulation procedure: sputter transport
Assumptions
The simulation makes use of a number of assumptions simplifying the calcu-
lations. The erosion profile of the target employed in the experiments was
recorded, and a distribution was fitted to the measurements. It is used to
determine the probabilities for selection of an ejection coordinate on the tar-
get. The chamber geometry is simplified to a cylindrical shape with a radius
of 25 cm.
Ions were assumed to impinge normal to the target. Their mean incident
energy was taken as Eion = 0.733 · Vt, as shown by Goeckner et al. [103]
for a typical magnetron plasma. The target voltage Vt is an experimental
value. The ejection energies of Ir atoms obey the distribution derived by
Thompson [104]. Their polar ejection angles follow a cosine distribution [105],
and ejection angles and energies were assumed not correlated [98].
The concentration of sputtered atoms in the gas phase was assumed small
compared to the Ar atom concentration. Accordingly, Ir-Ir collisions are
neglected [95]. The movement of Ar atoms is disregarded, except when con-
sidering thermalized Ir atoms, and Ir-Ar collisions are solely elastic. Ar atoms
are only accounted for as collision partners. A variable hard-sphere model
is applied for the calculations of mean free paths and scattering events [99].
The minimum Ir particle energy corresponds to thermal energy. Thermalized
particles were assumed monoenergetic, their non-directionalized movement is
modelled by a random walk [100]. The time dependence of transport events
is neglected, and reemission of atoms returning to the target is not accounted
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for. If an atom has moved 30000 free paths without having reached either
chamber wall or substrate, the calculation is turned to the next particle.
In the simulator, the parameters working distance, background gas pres-
sure and target bias voltage are held variable and are fed via a graphical user
interface.1
Simulation policies
Upon impact of a high-energy Ar ion, a collision cascade in the target leads
to the ejection of particles. Their energies are distributed according to
f(E) =
1−
√
Eb+E
ΛEion
E2(1 + Eb/E)3
(5.1)
for E ≤ ΛEion [95, 104]. The incident ion energy Eion = 0.733 · Vt [103],
where the target voltage Vt is an experimental value, and the binding energy
Eb = 5.8 eV. ΛEion is defined as
ΛEion =
4MiMt
(Mi +Mt)2
Eion, (5.2)
with the Ar atomic weight Mi = 39.948 and the Ir atomic weight Mt =
192.22.
The Thompson distribution of equation 5.1 can be represented by the
majorant function
f(E) = 2 · (1 + Eb/ΛEion)2 · EbE
(Eb + E)3
(5.3)
for 0 ≤ E ≤ ΛEion, and f(E) = 0 otherwise [97]. In order to simplify the
sampling of energies, the majorant function 5.3 can be represented by
E =
Eb · ΛEion
√
U
Eb + ΛEion(1−
√
U)
, (5.4)
where U is a random number in [0,1[ [97].
The polar ejection angle θ is calculated by rejection method from
f(θ) = cosθ · (1 + β · cos2θ), (5.5)
where β = 0.488 · ln
(
MtEion
MiEb
)
− 2.44 [106,107].
1Both transport as well as film growth simulation were written in Matlab.
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The azimuthal ejection angle (the angle of velocity projection onto the
x-y-target plane) is chosen randomly in [0, 2pi[. The starting position of
sputtered atoms is at z=0.
After ejection, the sputtered particle travels a certain distance until it ei-
ther suffers from a collision with an Ar atom or strikes a geometrical bound-
ary. The free path λ is determined by [96,108]
f(λ) = 1/λm · e−λ/λm , (5.6)
and via inversion to
λ = −λm · ln(rλ), (5.7)
where rλ is a random number in [0,1[. The mean free path is calculated
from
λm =
kT
r2sgpi · p
, (5.8)
with the pressure p, the Boltzmann constant k and the gas temperature
T = 500 K. The collision cross section is calculated from r2sgpi, where rsg is the
interatomic separation of Ar and Ir, deduced from the repulsive Born-Mayer
potential between the atoms [109]:
rsg = rAr + rIr ' − 2
bAr + bIr
ln
E√
AArAIr
, (5.9)
where AIr, bIr, AAr, bAr are Born-Mayer parameters for the sputtered and
background gas atoms, respectively.
The energy-dependent collision cross section r2sgpi is also used to calculate
the effects of scattering of Ir by Ar atoms. The collision parameter b =
rsg · sqrt(rcol), where rcol is a random number in [0,1[, determines whether
the collision is central (b = 0) or glancing [99]. The scatter angle χ in the
laboratory frame is calculated by
χ = arctan
(
Mi · sin(pi − a)
Mt +Mi · cos(pi − a)
)
, (5.10)
with a = 2 · arcsin(b/rsg) [110]. The azimuthal scatter angle is chosen
randomly [99]. The new direction in 3D space is established by a coordinate
system transformation [98].
The energy loss rate δ is calculated by [99]
δ =
M2t +M
2
i − 2MtMi(1− 2(b/rsg))2
(Mi +Mt)2
. (5.11)
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This procedure is repeated for each atom until either a geometric boundary
is reached or, upon a number of collisions depending on initial energy and
collision parameters, the atom is thermalized to an energy kT = 0.0428 eV.
The further movement is not directionalized. This is modelled by a random
walk [100], meaning equal probability for movement in all space directions,
the scatter cross section being determined by the sum of thermalized atom
radii. The mean free path is determined by equation 5.8, completed by a
factor
√
(1 +Mt/Mi) accounting for thermal motion of Ar atoms [99].
Usually, 5·105 particles were simulated per run in order to limit calculation
time.
5.2 Monte Carlo simulation of film growth
5.2.1 State of the art
This section gives an overview about the understanding of processes that gov-
ern the development of microstructure during sputter deposition of single-
element films. Both experiments and simulations are taken into account.
Special attention is paid to conditions where the effects of thermally acti-
vated diffusion can be assumed negligible, as is the case in the experiments
discussed in the following chapter. Substrate temperatures were measured
for selected depositions, and were rarely increased by the process, with max-
imal temperatures around 85 ◦C. This results in homologous temperatures
Tsubstrate/Tmelt ≈ 0.1. The mobility of an atom arriving on the substrate
(known as the adatom) can be assumed to be determined primarily by ki-
netic energy-assisted effects.
The literature overview provides a basis for the understanding of the sim-
ulation of Ir film growth, the details of which are outlined in the next section.
Using the transport simulations as input, i. e., incident atom energies and
angles, Ir thin film growth is modelled in two dimensions. The morphology
is evaluated as a function of pressure, working distance, and bias voltage
(which results from the choice of input power). The structures are analyzed
regarding film density, atom accessibility by ionic solution, and crystallo-
graphic orientation. The resulting configurations can be used to predict and
explain the growth of experimentally realized deposits, which are evaluated
with respect to their electrochemical performance. The results are presented
in chapter 6.
Much experimental and theoretical research has been dedicated to under-
standing the evolution of microstructure during thin film deposition. Thorn-
ton found that the microstructure of different metallic coatings such as Cu,
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Fe, Ti, Mo, Al or Ni can be varied between three different morphological
zones by adjusting total sputter pressure, temperature and deposition geom-
etry [85].
The understanding of the evolution of a zone I microstructure is of greatest
importance for the films discussed within this work. This type of microstruc-
ture is characterized by a void-separated columnar growth and a rough sur-
face appearance. Films of low density evolve [86]. Their growth has been
understood as follows: Initial nuclei on the substrate grow to form islands
(Volmer-Weber or Stranski-Krastanov mode), the islands expand and coa-
lesce. Further deposition leads to grain coarsening and channel formation
between the grains [111, 112]. Shadowing effects and a limited mobility of
the incident atom lead to the growth of columns which are separated by
open boundaries. Shadowing effects occur if atoms impinge at an angle and
not orthogonal to the substrate. High points on the surface receive more
material than low points, and hillocks and valleys develop. A low adatom
mobility does not enable the compensation of shadowing effects. As diffusion
is limited, the surface is scarcely reconstructed to minimize free surface ener-
gies [112–114]. Low adatom mobility is primarily caused by a low substrate
temperature, but can be amplified by low kinetic energy of the adatoms.
Based on the structure zone model, several authors investigated other
materials and sputter parameters, for instance target-substrate working dis-
tance [115], sputter angle [116], and deposition rate [117]. Working distance
and sputter angle primarily influence the adatom’s kinetic energy, and the ex-
pression of shadowing on the substrate. At high deposition rates (above 5-10
µm/min [117–119]), incident atoms can disturb thermally activated diffusion
of prior deposited atoms.
The above investigations showed that the polar impact angles of adatoms,
as well as their mobility on the surface, decisively influence film morphol-
ogy and surface topography. In order to model the development of a cer-
tain microstructure, detailed information regarding the atomistic mecha-
nisms is needed. Most published research on these mechanisms is of simu-
lative/theoretical nature. Nevertheless, also a few experimental results have
been reported.
Atomistic mechanisms of film growth
Using field ion microscopy, Morikawa et al. [120] observed directional migra-
tion of Cu deposited onto cooled W tips. In the absence of thermal activation,
the biased diffusion was ascribed to kinetic momentum of the arriving atoms.
This is illustrated in Fig. 5.1a). The energy of an arriving atom is not com-
54 CHAPTER 5. SIMULATION OF SPUTTER DEPOSITION
pletely dissipated into the lattice. Some of the momentum is retained, and
it can skid along the surface.
Several authors investigated biased diffusion by means of molecular dy-
namics (MD) simulations. The most comprehensive studies were performed
by Zhou and Wadley on Cu deposition [121]. Depending on angle and energy,
the adatom skipped over distances of more than 10 nm. For small energies,
the biased skipping distance is negligible. At higher kinetic energy, and for in-
cident angles greater than about 20◦ from the substrate normal, the distances
increase with angle, and become maximal around 80◦. At higher angles, sur-
face attractions bend the adatom path sideways or backwards. The adatom
takes its final position preferentially at ledges or terraces, as indicated in
Fig. 5.1a). The authors fitted analytical expressions to the simulated data,
which were later used as input for MC simulations of film growth [122–124].
Similar results were reported by Kools [125]. He used MD simulations
of Cu deposition to investigate the effects of biased diffusion on shadowing.
At low incident kinetic energy, shadowing was dominant due to low mobility
of the adatoms, and rough and voided films developed. At higher incident
energies between 3 and 20 eV, shadowing was largely suppressed, and defects
were annihilated as the film grew.
Dodson [126] performed MD simulations of 10-100 eV Si deposition. Inci-
dent kinetic energies smaller than 25 eV caused only small surface diffusion
paths. At grazing incidence and higher energies, biased diffusion was ob-
served over dozens of unit cell lengths.
A combined MC and MD approach was used by Jacobsen et al. [127] to
study the growth of several monolayers Ag and Pt. They report on energy-
induced defect formation and annihilation, whereby the mobility of adatoms
was in the range of a few interatomic distances. Short diffusion lengths were
used to model rough surfaces developing during Al deposition (Hansen et
al., [128]).
In summary, the above authors showed that biased diffusion lengths are
dependent on kinetic energy and incident angle, as well as on the atomic
roughness of the film. At small incident angles, the adatom surface diffusion is
not biased, and the traversed paths decrease. This is illustrated in Fig. 5.1b).
In these cases, most kinetic energy is absorbed by the lattice.
At sufficient energies, arriving adatoms can resputter the deposited film.
This is illustrated in part c) of Fig. 5.1, where an incident atom causes a
collision cascade in the film, which ejects a lattice atom of low coordination
number. Again, comprehensive MD simulations were published by Zhou and
Wadley [129]. It was shown that a 50 eV Cu adatom penetrates the surface
and occupies a lattice site. Due to energy transfer, a collision cascade is
initiated and an atom is ejected at 45◦ and an energy of 5 eV.
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a)
c)
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Figure 5.1: Schematics of interaction events between surface and adatom.
The lighter colored atoms are part of the existing thin film. The arriving
adatom is highlighted, as are possible positions after biased diffusion in a)
and isotropic diffusion in b). c) illustrates a resputtering event of a previously
deposited atom due to high-energy impact. d) shows lattice reorganization
due to a thermal spike caused by the arriving adatom. Two film atoms are
indicated to relax into positions of equal or higher coordination.
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The resputter probability was analyzed as a function of energy and inci-
dent angle. The energy threshold for resputtering is determined by the bind-
ing energy of the material, a minimal energy of around 20 eV was required
in the case of Cu [129]. The yield is maximal around 30-45◦ of incidence.
This was also shown by Hamaguchi and Rossnagel [130] by way of continuum
simulations of profile growth during ionized sputtering.
At higher incident angles, the resputter probability decreases. Instead,
the adatom can be reflected from the surface, provided it has a sufficient
kinetic energy [129].
Apart from the deposited elements, the growing film can also be reached
by high-energy Ar neutrals that are reflected from the target, as well as by
Ar ions [86,96,113,130]. Ar species can resputter the deposited material and
induce a higher surface mobility.
Fig. 5.1d) describes the effects of a thermal spike. It results from the
transient increase in effective temperature near the impact site due to the
transfer of adatom energy to lattice vibrations. At an incident kinetic energy
of zero, the thermal spike is caused by the latent heat of condensation. It
corresponds to the potential difference between a free atom and an atom at
a surface site. At an incident kinetic energy greater than zero, the thermal
spike develops as a combination of latent heat of condensation and partial
dissipation of kinetic energy. Based on well-validated data, Zhou and Wadley
showed by MD simulation for Cu that 60-70% of the latent heat of conden-
sation is transferred to additional kinetic energy of the impinging atom. The
added velocity component is directed towards the capturing atom [121].
Even at zero initial kinetic energy, the latent heat release can cause a
thermal spike up to an effective local temperature of 1000 K for 0.5 ps.
Although no biased diffusion or resputtering can occur at these low incident
energies, the heat results in additional surface mobility [129]. Already at
kinetic energies of 3 eV, the spike can cause defect elimination in subsurface
layers. Vacancy filling sets in, and neighboring atoms relax.
Similar results were achieved by Dodson [126] via MD simulations of 10-
100 eV Si deposition. A localized transient energy spike was induced by
adatom arrival which activated modifications of the atomic configuration.
Also Gilmer and Roland [131] performed MD simulations of energetic Si de-
position. They found that a higher incident energy was coupled to stronger
ordering at constant substrate temperature. The release of latent heat as
such did not cause the adatom to migrate further, but atomic rearrangement
occurred due to local heating. In the absence of thermally assisted diffusion,
it was the only cause of rearrangement. It was further shown that local heat-
ing is a function of the kinetic energy of the adatom. Experiments indicating
epitaxial growth of Fe and Cu on Ag in the absence of thermally activated
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diffusion were presented by Egelhoff and Jacob [132]. The latent heat of
condensation was assumed as the source of adatom mobility. Contrarily, Ja-
cobsen et al. [127] attributed atomic rearrangement, defect formation and
annihilation to ballistic causes upon adatom impact.
Simulations of microstructure evolution
Different approaches have been employed for the modelling of film growth
during sputter deposition. Continuum methods are used to calculate film
growth profiles [133]. Topographies at different deposition stages can be de-
picted, but the approach is less suited for modelling the microstructural de-
velopment including micro-voids and grain boundaries. This can be achieved
using atomistic models.
MD methods trace lattice atom vibrations and calculate forces on atoms
several times per vibration period, where the shortest lattice vibration peri-
ods are about 10−13 s. The methods allow the detailed description of single-
atom behavior on surfaces. However, they are computationally intense and
the calculation is limited to small system sizes [121,122,129].
Probability-based MC methods have proven most effective for the simula-
tion of thin film morphology. The detailed interatomic forces are not evalu-
ated and the movement of atoms is determined by a set of rules established
beforehand. The greatest advantage of MC models is the inclusion of atom-
istic effects at short computation time. Disadvantages are the pre-selection
of crystal lattices and atomistic events included into the simulation, and the
general simplifications made regarding diffusion and atom rearrangement.
Most published models are concerned with the growth of films commonly
used in the construction of interconnects on silicon, such as Al, Cu, W or
Ta [113, 114, 134, 135]. The deposition over topographies is simulated fre-
quently, and the films are characterized regarding density, crystallographic
orientation, grain size distributions, and surface topography. Substrate tem-
perature is most frequently modelled as the main influence on film microstruc-
ture. However, also the influence of incident adatom angles and deposition
rate on film growth has been investigated [136, 137]. The evolution of film
morphology in dependence of adatom energy has been modelled by Smy et
al. for W deposition [138], Torre et al. [113] (Ta), Liu et al. [124] (Cu) and
Yang et al. [122,123] (Ni).
As mentioned in the preceding section, Zhou and Wadley [121, 129] per-
formed MD simulations of Cu deposition, and described in detail the energy
and angular dependence of reflection, resputtering, biased diffusion and ther-
mal spike. The results were fitted to analytical expressions, which were then
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used for MC simulations of Cu deposition [124] as well as for Ni deposition,
the element neighbor of Cu [122,123].
Yang et al. [122] used monoenergetic and cosine-distributed angular in-
cidence of atoms to illustrate the influence of kinetic energy-assisted mech-
anisms on film morphology. The 2D simulated films were evaluated with
respect to surface roughness and morphology. The surface roughness rapidly
decreased with an increasing incident energy until a minimal roughness was
reached. Furthermore, it was shown that effects due to arrival of energetic
atoms become negligible at temperatures above Tsubstrate/Tmelt = 0.22. Sim-
ilar observations regarding the decrease in surface roughness and increase
in packing density with increasing incident energy were reported by Liu et
al. [124] on Cu deposition. They also showed that surface roughness can be
influenced by drastic changes in deposition rate. Both publications did not
include comparisons to experiments.
The model described in [122] was also employed to optimize the coating
of trenches [123]. Smooth sidewall coatings were deposited at relatively high
incident energies around 70 eV. This could be explained by the film redistri-
bution due to biased diffusion, reflection and resputtering. The same effects
also explained experimentally observed material accumulation in corners.
Smy et al. [138] incorporated biased diffusion into their MC simulator SIM-
BAD, which enabled to explain experimentally observed lateral overgrowth
of trenches and steps during W deposition. Incident atoms were allowed to
skip across the surface before occupying a surface site. The skipping lengths
were determined by the angle of incidence, the kinetic energy, and propor-
tionality constants, which were matched to experimental results. The effects
of resputtering or latent heat release were not included.
The 3D growth simulator ADEPT accounts for the effects of thermally
activated diffusion and deposition rate on the microstructure of a sputtered
film [118]. It was extended to model the influence of latent heat release,
reflection, resputtering, biased diffusion, the diffusion of prior deposited sur-
face atoms due to impact, and energetic bombardment by Ar atoms [113].
The energies of impinging Ta and Ar atoms were estimated and assumed
monoenergetic. Good agreement between measured and modelled densities
were only achieved if the energy of the incident Ta atoms was increased to
10 eV. Ar bombardment had only weak effects on film density.
As in the case of transport simulations, a model describing the growth
of Ir thin films has not been reported on. Experimentally, the formation of
islands and their coalescence during evaporation under ultra-high vacuum
were observed by means of scanning tunneling microscopy [139]. On perfect
Ir surfaces, single Ir atoms were shown to be highly mobile upon thermal
activation [139,140], and the formation of Ir stacking faults and preferential
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hexagonal close-packed binding on surfaces have been observed [139, 141,
142]. Models of dimer and island formation during the initial stages of Ir
evaporation were presented [139,142].
Apart from these insights into the initial stages of Ir thin film growth, the
evolution of Ir or IrOx thin film microstructure has not been investigated
in detail. Furthermore, the influence of angular or energetic distributions of
sputtered adatoms on stimulation electrode characteristics in general has not
been clarified.
5.2.2 Simulation procedure: film growth
Assumptions
The simulation accounts for a number of fundamental film growth processes
and mechanisms. It focusses on the major energy impact induced mecha-
nisms contributing to microstructural evolution, i. e., kinetic energy-induced
diffusion, latent heat and resputtering, which were described in Fig. 5.1.
It was assumed that these kinetic energy-induced mechanisms are in prin-
ciple valid for deposition of Ir, however, detailed investigations were not
available. Thus, the model interpretes other authors’ findings in a generalized
manner for the deposition of Ir (see section 5.2.1 for a literature overview).
Substrate temperatures were measured for selected depositions, and were
only rarely elevated (maximally 85 ◦C), equivalent to homologous temper-
atures Tsubstrate/Tmelt ≈ 0.1. At these homologous temperatures, thermally
activated diffusion does occur on the surface, but the effects can be assumed
of much lower importance compared to those of kinetically induced atom
rearrangement [85,112].
Knock-on diffusion, i. e., the biased diffusion of a surface atom due to
transfer of kinetic energy of a newly arriving atom, is not accounted for. Ar
implantation into the film as well as film bombardment by Ar are disregarded.
Furthermore, the simulation does not account for reflection of incident Ir
atoms.
Deposition time and thus deposition rate was not included. The deposition
rates of processes discussed in chapter 6 are around and mainly below 0.1
µm/min. It can be assumed that atomic diffusion events are completed before
arrival of the next atom [117–119]. This implies that the film characteristics
are unaffected by the small changes in deposition rate between experimental
settings.
The simulation models a polycrystalline columnar growth, backed by XRD
and SEM data. The crystal structure was assumed purely face-centered cubic
(fcc). The substrate was represented by defect-free monolayers of the same
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θlocal(50eV) [
◦] P{111} P{220} Ead(40◦) [eV] P{111} P{220}
30 ≤ θ < 50 0.3 0.55 20 ≤ Ead < 50 0.15 0.35
10 ≤ θ < 30 & 50 ≤ θ ≤ 60 0.15 0.15 ≥ 50 0.35 0.6
Table 5.1: Resputter probabilities P on different faces for different local
angles at an adatom incident energy Ead=50 eV and probabilities P for
different Ead at 40
◦. Adapted from [129,130].
structure. XRD data did not reveal an influence of substrate or adhesion
layer on crystallographic orientation.
Simulation policies
Modelling of crystallographic structure All atoms are positioned on
lattice sites. Interstitials are not allowed, contrary to other lattice defects
such as vacancies and grain boundaries. Crystallographic orientation was
included as a parameter in order to account for texture development caused
by adatom energy characteristics [112,118]. Notably, orientation is only rep-
resented by different energetic framesets for diffusion and resputtering, an
alteration of the representation as such (interatomic distances and lattice
sites in the unit cell) is not necessary for the purposes described here. Of
the three detected orientations (see section 6.4.1), the {111} and {220} fam-
ilies dominate orientation and compete for texture, and thus are the only
lattice planes considered. Atom exchange between grains is not specifically
modelled.
Modelling of resputtering Resputtering of Ir by an Ir adatom is mod-
elled following the simulations of Zhou and Wadley [129], and Hamaguchi and
Rossnagel [130]. Resputtering can occur if the Ir adatom energy is higher
than 20 eV and the local angle lies between 10◦ and 60◦. The resputter
probability is calculated and, if greater than a random number, resputtering
proceeds. The probabilities for resputtering on different crystal orientations
at different local angles and an incident energy Ead=50 eV can be found
in Table 5.1 [129, 130]. It also includes resputter probabilities for different
Ead at 40
◦. At other combinations of energies and angles, the probabili-
ties are calculated by P (E, θ) = P (E, 40◦) · P (50eV, θ)/P (50eV, 40◦), where
P (50eV, 40◦) = Pmax. The reduced bond energies of atoms in grain bound-
aries are not explicitly considered [119,134].
To mimic the energy transfer and collision cascade within the material
upon high-energy impact, a region defined by three atomic distances from
5.2. MONTE CARLO SIMULATION OF FILM GROWTH 61
the impact point is searched for the atom of lowest coordination number.
This atom, with the lowest bond strength to the crystal, is then ejected and
deleted from the simulation [129].
Resputtering by energetic Ar was shown to have little effect on a film
composed of heavy atoms (Ta in the report of Dalla Torre [113]), and thus
was omitted.
Modelling of kinetic energy-induced diffusion Diffusion is modelled
by accounting for the system attempt to reduce surface and interfacial ener-
gies [112–114]. Consequently, a diffusion event has to effectuate an increase
in coordination number of the atom [113,118]. The neighborhood of an atom
is searched for empty sites within a diffusion length; the place of highest
coordination is then occupied [143]. In general, this site exchange proceeds
on the surface, however, also sub-surface vacancies may be filled [126,127].
The diffusion lengths are short in order to account for the high defect
density providing edges and vacancies that inhibit further movement. The
maximum possible diffusion lengths are calculated adapting literature data on
adatom surface diffusion [121,125–128] and are matched to the experimental
results.
For near-normal incidence, it was assumed that parts of the kinetic energy
available at impact can be used by the atom for migration. Surface diffusion
proceeds in an isotropic manner, with relatively localized atomic movement
(see Fig. 5.1b). The covered paths are potentially longer if the diffusion is of
biased type [121, 126]. This is the case for incident angles greater than 20◦,
measured from the substrate normal (see Fig. 5.1a).
Table 5.2 shows the maximum diffusion lengths Lmax in interatomic dis-
tances d on {111}. They are determined both by the kinetic energy of the
incident atoms as well as their incident local angle. For the smallest energies,
Lmax = 1, equivalent to relaxation to a nearest neighbor site.
For diffusion on {220} faces, and if the incident atom has a kinetic energy
greater than 1 eV, the lengths are scaled with the ratio of activation energies
for thermal diffusion, Em,111/Em,220 = 0.36 [141, 144]. Diffusion lengths on
{220} can become too small due to scaling. In these cases, an eventual
bias is removed from the diffusion and an isotropic diffusion length of 3 is
substituted.
The bond strength of adatoms to the substrate can be assumed smaller
than that of Ir-Ir, and the diffusion length is doubled, which leads to the
clustering and island formation usually observed during metal film growth
[134].
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XXXXXXXXXXXXθlocal [
◦]
Ead [eV] kT kT < Ead ≤ 20 > 20
< 20 L+max = 1 L
+
max = 0.94 · Ead + 2 L+max = 20
20 ≤ θ < 50 L+max = 1 L∗max = 0.94 · Ead + 6 L∗max = 24
50 ≤ θ < 75 L+max = 1 L∗max = 0.94 · Ead + 8 L∗max = 26
≥ 75 L+max = 1 L∗max = 0.94 · Ead + 10 L∗max = 28
Table 5.2: Matrix determining the maximum diffusion lengths Lmax [inter-
atomic distances d] of Ir on Ir {111}. Lmax depends on incident energy Ead
and local incident angle θlocal.
+: isotropic diffusion, ∗: biased diffusion. kT :
thermalized atom with Ead=0.0428 eV. For diffusion on {220}, the lengths are
scaled with the ratio of activation energies for thermal migration. Adapted
from [121,125–128].
For all diffusion events considered in this simulation, the atom is allowed
to perform multiple jumps within one event, which is a convenient way of
representing complex diffusion or exchange mechanisms [127]. Furthermore,
atoms are allowed to pass through sites of zero coordination [118,119].
Modelling of latent heat release and thermal spike Upon adatom
impact, a search radius is defined within which lattice reorganization can
occur. The radius depends on the kinetic energy of the incident atom, but is
small as shown for Cu [121] and Si [126,131]. The thermal spike is modelled
by picking the atom of lowest coordination within this radius and moving
it to an empty site of highest coordination, thus reducing interfacial energy
in the system. Furthermore, dependent on kinetic energy, more than one
reorganization event is allowed. Table 5.3 shows the search radii and event
repetitions as a function of adatom kinetic energy. Atoms that undergo
biased diffusion (i. e., that arrive at angles greater than 20◦) dissipate less
energy into the lattice. This is accounted for by reducing the search radius
upon off-axis impact.
The effects of thermal spike and latent heat release are independent of
lattice orientation. Although the latent heat contribution (i. e., binding
energy) differs, the distributed energy per surface atom is the same in the
impact area. On a surface of high binding energy, the adatom has a higher
number of nearest neighbors – an adatom on {220} has a coordination of five,
and the deposited energy is distributed on more atoms, whereas an adatom
on the low-binding-energy {111} has a coordination of three.
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Ead [eV] R [d] Iterations
kT < Ead ≤ 1 2 1
1 < Ead ≤ 10 2∗, 3 2
> 10 2∗, 3 3
Table 5.3: Search radii R [interatomic distances d from the impact point]
for lattice reorganization due to thermal spike as a function of adatom en-
ergy. Iterations describes the maximum number of site exchanges due to one
impact. ∗: for incident angles greater than 20◦. Adapted from [121,126,131].
Simulation procedure
• After the definition of a substrate, single particles are inserted into the
simulation. Their x-starting point is random along the substrate width,
their initial height corresponds to the maximum height of the existing
film. The angle with respect to the substrate normal is retrieved from
the corresponding transport simulation, as well as the kinetic energy.
• The new atom travels along a straight path according to its incident
angle. Along this path, a search range is defined spanning a width of
two atomic diameters. The film atom capturing the incoming one is
the closest atom within the search box.
• The new particle can leave the simulated area on one side without
being captured. It reenters the simulation on the opposite side (periodic
boundaries) until a capturing atom is found or 100 paths are completed,
in case of which it is removed.
• The incident atom is assigned the crystallographic orientation of the
atom it first makes contact with. In case the atom hits the bare sub-
strate, it is first allowed to complete diffusion events. Afterwards, it
takes the orientation of its nearest neighbor. In case no nearest neigh-
bor is found, the orientation is chosen randomly.
• The local normal needed for biased diffusion and resputtering is calcu-
lated based on the locations of nearest neighbors.
• Resputtering is considered if the adatom incident energy is higher than
20 eV and the local angle lies between 10◦ and 60◦.
• The preliminary lattice position of the new atom relative to the cap-
turing atom is determined geometrically.
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• It is decided whether surface diffusion proceeds in a biased or isotropic
manner, the maximum diffusion length is defined according to local
angle and energy. The radius for execution of reorganization initiated
by thermal spike as well as the number of events are scaled with the
incident energy.
• The maximum diffusion length is scaled according to lattice orientation,
and isotropic or biased diffusion are carried out.
• The lattice reorganization due to thermal spike is calculated.
• A new atom is inserted.
The choice of substrate width (usually 200 atoms) allows comparison with
fracture cross section SEM images as well as electrochemical, XRR and XRD
measurements. 200 atoms correspond to roughly 76 nm in an Ir single crystal,
the unit cell height being 3.839 A˚.
As to the definition of density, several options have been presented in the
literature. In general, it is defined as the ratio of occupied over total number
of sites in the layer. In this work, the total number of sites is defined by
multiplying substrate width and an average film thickness. The latter is cal-
culated by dividing the substrate into five equal-sized sections and averaging
over the maximum heights within these sections.
Chapter 6
Design of Ir Thin Films
Chapters 3 and 4 had shown that a more porous morphology enables an easier
insertion of ions from the electrolyte into the coating. This chapter discusses
the atomistic effects that determine the microstructure of metallic Ir thin
films. Their understanding can be used to further foster the development of
open surfaces. The influence of pressure, working distance and input power
on the films’ microstructure is detailed, focussing on conditions leading to
low adatom kinetic energy.
The first part of the chapter details simulations regarding the gas phase
transport of sputtered atoms to the substrate (see section 5.1.2 for simulation
policies). Film growth on the substrate is simulated and discussed in the
second part (see sections 5.2.1 and 5.2.2 for theory and simulation details).
The third and fourth parts detail experimental results and the comparison
to simulation outputs. Finally, in the next chapter, the findings on Ir atom
transport and film growth are combined with those of the previous chapters
on reactively sputtered films.
6.1 Transport of sputtered Ir atoms
6.1.1 Verification of the transport model
Simulations regarding the transport of sputtered atoms are best verified by
comparing simulated spatial distributions of incident particles to experimen-
tal film thickness profiles. As an example, Fig. 6.1 shows measurements and
simulations of film thickness distributions across a wafer processed at 180 W,
a WD of 85 mm and 4.7 · 10−2 mbar. The comparison shows that film thick-
ness profiles, being a direct result of transport properties, are well predicted
by the simulations.
65
66 CHAPTER 6. DESIGN OF IR THIN FILMS
The simulations do not account for substrate plate rotation. In order to
be able to compare measurements and simulations, the substrate was held
stationary during deposition. However, due to a faulty process tool setting,
it was not aligned with the target center. Instead, looking from above, the
substrate center was positioned to the left and lower than the target center.
Hence, the typical magnetron deposition profile is shifted.
The profile of Fig. 6.1a) shows the thickness orthogonal to the wafer flat,
which, in the sputter chamber, corresponds to measurements on a line run-
ning along the target edge. The absolute film thickness variations are low
compared to Fig. 6.1b). Here, the measurements were taken on a line running
towards the target center. A monotonic increase of values results.1
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Figure 6.1: Measurements (square symbols) and simulations (triangles) of
film thickness distributions across a wafer. a) Thickness at positions orthog-
onal to the flat. b) Thickness at positions parallel to the flat. As explained
in the text, the wafer was not centered below the target.
Fig. 6.1 also includes the uncertainties of incident location evaluated by
repetitive simulations. As to atom energetics and impact angles, the devia-
tion between repetitions is less than 1%.
The model was further validated by cross-referencing to results calculated
at the Institute for Surface Technology, RWTH Aachen University [145].
6.1.2 Energy and angular distributions of incident atoms
Distribution of incident angles
Fig. 6.2 illustrates the influence of increasing pressure on the sputtered atoms’
impinging angles θ, measured from the substrate normal. Part a) of Fig. 6.2
1In order to minimize film thickness variations, all experiments were performed with a
rotating substrate plate (see section 2.1).
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p [mbar] θm,total θm, kT< E <10 eV θm, E >10 eV θm, E=kT θ(Pmax)
1.6 · 10−2 31.3 33 28.1 (∗) 13.2
9.3 · 10−2 28.9 28.5 23.4 29.4 20.4
1.7 · 10−1 28.9 26.5 (∗) 29.4 8.8
Table 6.1: Average impact angles θm [
◦] within certain energy bands and
most probable angle θ(Pmax) [
◦] of incident particles as shown in Fig. 6.2. (∗):
insignificant contribution.
shows simulation results computed for p=1.6 · 10−2 mbar, b) includes results
for p=9.3·10−2 mbar, and c) for p=1.7·10−1 mbar. The remaining parameters
WD=45 mm and bias voltage Vb=385 V were constant.
All three graphs include the normalized distributions of the total angle
as well as angular distributions of atoms at different energies. Their mean
values are extracted into Table 6.1.
The angular distribution of Fig. 6.2a), at a pressure typical for magnetron
sputtering, is composed of two contributions. The first one includes all atoms
of energy higher than 10 eV. Its most probable angle is 12.4◦, the mean and
median angle are 28.1◦ and 25.1◦, respectively. For an atom ejected at 20 eV,
at a pressure of 1.6 · 10−2 mbar, the mean free path is 3.6 cm, in the order of
WD. If emitted at a small angle, the particle will likely reach the substrate
experiencing less than three collisions (the median of collisions is 2 for this
group of atoms). Because the mean free path is smaller than the WD, the
arriving atoms’ angular distribution deviates from the initial ejection cosine
distribution.
If the atom is ejected at a relatively high angle, but within the same high-
energy region, its probability of reaching the substrate without scattering is
lower. Also, if the atom’s initial energy is lower, it is preferentially scattered,
as the mean free path becomes shorter. Hence, the second contribution to
Fig. 6.2, comprising non-thermalized atoms of energies lower than 10 eV,
is centered to the right and peaks at 19◦, the mean (median) angle being
33◦ (30.5◦). On average, those particles that arrive at larger angles have
suffered more collisions, correlating with their lower energy, as has been found
by other authors [101, 146]. This is further underlined by Figs. 6.2b) and
c), where the mean incident angle of the medium-energy contributions are
greater than those of the respective high-energy bands (Table 6.1).
Nevertheless, also atoms within the medium- or high-energy bands can
impinge on the substrate at larger angles (see Fig. 6.2a). These contributions
become smaller as the pressure is increased. As the number of collisions
increases, the atoms emitted at large angles lose energy and are removed
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Figure 6.2: Simulated incident angular distributions of atoms sputtered at
WD=45 mm and Vb=385 V. The pressure increases from p=1.6 · 10−2 (a)
over 9.3 · 10−2 (b) to 1.7 · 10−1 mbar(c). Included are angular distributions
of atoms arriving in different energy bands.
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from their medium- or high-energy band. Thus, at higher pressures, only
medium- or high-energy atoms of small angles reach the substrate (compare
these contributions in Figs. 6.2a) and b). The mean incident angles within
the medium- and high-energy bands decrease upon an increase in pressure
(Table 6.1).
Already for a pressure of 9.3 · 10−2 mbar (Fig. 6.2b), the contribution
of thermalized atoms, i. e. those diffusing towards the substrate, overweighs
those of medium and high energies. Accordingly, the mean and median angle
of the total distribution shift to smaller values (28.9◦ and 26.2◦, respectively),
which is greatly influenced by the mean (median) angle of 29.4◦ (26.1◦) of
the thermalized atoms.
Finally, at the highest pressure (Fig. 6.2c), the thermalized contribution
determines the overall curve shape. Roughly 95% of all incident atoms have
lost their initial kinetic energy and diffuse to the substrate. According to Smy
et al. [102], the angular distributions of thermalized atoms can be described
by f(θ) = cosθ + 3/4 · s · cos2θ. Assuming a unity sticking coefficient s,
the limiting distribution is plotted in Fig. 6.2c), and matches the simulated
angles.
The average incident angles, summed over all contributions, do not change
considerably (see Table 6.1). Upon an increase in pressure by more than an
order of magnitude from 1.6 · 10−2 over 9.3 · 10−2 to 1.73 · 10−1 mbar, the
average angle decreases only from 31.3◦ to 28.9◦. Similar results have been
reported for facing-target sputtering at comparable pressures by Nathan et
al. [98].
The main differences in angular distributions are evident between high and
medium energy adatoms, where, on average, a larger incident angle correlates
with a lower energy of the particle.
From the above, one can presume a minor influence of the changes in
angular distribution on the microstructure of sputtered films. As the angles
are broadly distributed in all cases, geometrical shadowing will occur for all
conditions. Equivalent results have been reported by Turner et al. and Myers
et al. [101,146]. Taking the angular influence alone, the growth of underdense
material will be initiated for all investigated conditions. However, the particle
energies can act both in a supportive and obstructive manner regarding the
development of a columnar, open material.
Adatom energy distribution
Fig. 6.3 shows the mean adatom energy as a function of p·WD. The pressure-
distance product is plausible to refer to, as pressure and WD, by way of
determining the number of collisions, have the same effects on particle trans-
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port. The overall curve shape is similar to earlier reports; at low p ·WD, a
significant fraction of atoms retains its emission energies, at a high pressure-
distance product, most atoms have low energies [96, 101, 108]. The exact
curve shape, however, differs between the authors, it mainly depends on the
initial energies and the mass ratio of sputtered to inert gas atoms, which
influences the energy loss per collision [101].
Fig. 6.3 includes the total mean energy as well as the mean energies of
particles arriving at angles larger or smaller than 30◦. Corroborating the
results of the previous section, the average atom arriving at smaller angles has
a higher energy than its counterpart arriving at larger angles. The differences
are greatest around p ·WD = 1 mbar ·mm (logarithmic scale in Fig. 6.3).
At the lowest p ·WD, an atom with ejection angle greater than 30◦ either
does not reach the substrate and thus is removed from the simulation, or
undergoes only a small number of collisions, which does not result in severe
energy loss. This leads to the small energetic difference between the two
angular groups. On the far side of the graph, the mean energy is determined
by the thermalized atoms (see Fig. 6.2c), and differences between high- and
low-angular adatoms can no longer be seen.
The influence of altered bias voltage is not included in the graph. All
experimental sets were run at three input powers, resulting in different bias
voltages for simulation. The bias voltages used for the simulations shown in
Fig. 6.3 and following are the lowest values available for each set of conditions.
Increasing the bias voltage from 320 to 400 and 430 V, at p · WD = 4.1
mbar ·mm, the mean ejection energy increases from 22.2 over 23.9 to 24.3
eV. As a result, the mean free path is elongated, which decreases the average
number of collisions (see equations 5.4 and 5.8). In effect, the mean incident
energy rises from 1.6 to 2.2 and 2.3 eV.
Fig. 6.4 shows the fraction of particles arriving in the thermalized state as
well as the deposition efficiency (numbers of arrived over released particles),
again as a function of p ·WD. The data points lie on a single curve [108].
The fraction of thermalized particles already reaches 66% at p ·WD = 4.1
mbar ·mm. From p · WD = 7.2 mbar ·mm onwards, more than 90% of
adatoms are thermalized, and the mean energies of the distributions are
determined by thermalization. At the highest p ·WD = 13.5 mbar ·mm, the
median number of free paths travelled is higher than 2000 and more than 99%
of the particles are thermalized, which is in line with findings on sputtering
of W [101].
Deposition efficiency develops inversely to thermalization. With a 99%
diffusive particle transport, modelled by a random walk of equal directional
probability, only slightly more than a fifth of atoms reaches the substrate.
Clearly, the exact numbers are dependent on the simulation protocol. Here,
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Figure 6.3: Simulated mean incident energies as a function of p ·WD. The
energies are divided into categories depending on the atom’s incident angle.
the calculations were turned to the next particle if more than 30000 free
paths were travelled without reaching the substrate. However, the use of
even higher numbers of free paths did not cause different results.
Compared to the experiments, the number of arrived particles tends to
be overestimated. In the simulation, the substrate radius was set to 25 cm,
in the experiment, it was 5 cm. However, the substrate holder rotates in
the experiment, and deposition occurs onto several substrates, which at least
partially compensates for the larger simulated substrate.
As has been shown, the energy distributions of adatoms and their cor-
responding angular distributions can be altered by tuning the deposition
parameters pressure, WD, and power (bias voltage). The effects of altered
adatom energies on film growth are presented in the following section, where
the discussed transport simulations are input to the simulation of film growth.
Furthermore, by adjusting the material parameters, the developed sputter
transport simulation can be applied to model the deposition of other ele-
ments.
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Figure 6.4: Fraction of thermalized atoms diffusing to the substrate and
deposition efficiency (arrived over released particles) vs. p ·WD.
6.2 Simulated Ir film growth
6.2.1 Effects of simulated mechanisms on film growth
Fig. 6.5 illustrates the effects of simulated mechanisms on the growth of Ir
thin films. From a) to d), contributing mechanisms described in section
5.2.2 are sequentially added. The simulated morphologies correspond to a
2D view of the cross section of a sample. For each of the simulations, 16000
atoms were deposited onto a substrate 200 atoms wide. Furthermore, for
each added mechanism, three simulations are shown corresponding to three
different sputter parameter sets.
The left column corresponds to deposition at p ·WD = 1.2 mbar ·mm at
an input power of 180 W, in which case a bias voltage of 385 V develops.
The mean impact energy of Ir atoms inserted into the simulation was 10.2
eV (atom transport from target to substrate described in sections 5.1.2 and
6.1.2). The middle column simulates deposition at p ·WD = 4.2 mbar ·mm
(P=1000 W, mean incident energy 1.9 eV), and the right column shows
deposition at p ·WD = 13.5 mbar ·mm (P=180 W). In this case, more than
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20nm
a) Nearest neighbor relaxation ( )ñ=0.45
b) Above plus latent heat and thermal spike
d) All above plus resputtering
c) All above plus diffusion
ñ=0.93 ñ=0.61 ñ=0.48
E =10.2 eVinc E =1.9 eVinc E =kTinc
Figure 6.5: Illustration of effects of simulated mechanisms on the growth
of Ir thin films. The simulated morphologies correspond to a 2D view of
the cross section of a sample. Atoms are represented by discs of size 6 pt.
From a) to d), contributing mechanisms are sequentially added. The left
hand side simulates deposition at p ·WD = 1.2 mbar ·mm and P=180 W.
The middle part corresponds to deposition at p ·WD = 4.2 mbar ·mm and
P=1000 W, the right hand side to p ·WD = 13.5 mbar ·mm at P=180 W.
The resulting mean incident energies are shown above each column. A scale
bar corresponding to 20 nm length is inserted on the top right, as well as
initial and final relative densities ρ for all conditions.
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99% of incident particles have lost their kinetic energy and diffuse to the
substrate. The mean incident energy corresponds to thermal energy kT .
The mean incident angle of deposition lies between 29◦ and 30◦ for all
conditions (see section 6.1.2 for a discussion of incident atom energies and
angles). A scale bar corresponding to 20 nm length is found on the top right
of Fig. 6.5, as well as initial and final relative densities ρ for all conditions
(see section 5.2.2 for definition of density).
In part a) of Fig. 6.5, an arriving atom is allowed to relax into a nearest-
neighbor position. This simulation scheme is independent of energy, and
thus, the morphology is the same for all conditions. A fibrous, very rough
and porous structure develops, with the relative density ρ=0.45. Certain
columns statistically capture angularly distributed flux, and shadow their
neighbors. These are subsequently overgrown. This behavior is more often
observed close to the substrate, but obviously occurs also at increasing film
thickness.
Part b) of Fig. 6.5 adds the effects of thermal spikes resulting from latent
heat release and partial dissipation of kinetic energy. In all cases, the relative
density increases, however, the effects are rather small. At the highest mean
incident energy (left hand side of Fig. 6.5), ρ=0.49, for the other conditions,
ρ=0.48. The density increase is accompanied by a decrease in film thickness,
at a constant number of deposited particles.
Clearly, kinetic energy-induced diffusion is the most important factor in
determining film structure and density. This was also shown by Yang et
al. [122] for the low-temperature deposition of Ni. The effects of added diffu-
sion are shown in part c) of Fig. 6.5. At the highest mean incident energies
(left hand side), the relative density jumps from 0.49 to 0.91. Averaging over
both biased and isotropic diffusion events as well as over diffusion lengths
on {111} and {220} crystals, the mean available search length for a site of
highest coordination is 12 atom distances from the initial lattice site. Never-
theless, the resulting film structure is still columnar, the columns are broad
and separated by open boundaries.
At a mean incident energy of 1.9 eV (middle part), kinetically induced
diffusion increases ρ from 0.48 to 0.6. The column widths increase, and the
intra- as well as inter-column porosity decreases. Here, the averaged available
search length for a new lattice site of the adatom is computed to 4 interatomic
distances.
Contrarily, the configurations shown on the right are not affected by diffu-
sion. As more than 99% of all incident particles are thermalized, the simula-
tion only allows relaxation to nearest neighbors, and further diffusion events
are seldom executed.
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The same argumentation applies to part d) of Fig. 6.5, where resputtering
is added to the simulation. Plainly, no resputter event occurs for the low-
energy case shown on the right hand side, and thus, the atomic configurations
as well as densities are hardly changed from b) to d).
In the case of medium incident energy (middle part), less than 60 resputter
events are conducted in 16000 atoms, and the relative density only increases
minimally from ρ=0.6 to ρ=0.61. For high-energy conditions such as shown
on the far left, more than 300 resputter events occur, which again increase
the relative density from 0.91 to 0.93, however, a fully dense and smooth
structure does not develop.
In the final configurations, a higher mean incident energy of adatoms re-
sults in higher densities. This is accompanied by a decrease in film thickness,
and a broadening of the columns.
Film densities for a number of simulated films are extracted into Fig. 6.6.
They are shown as a function of the mean energy of incident particles Einc
inserted into the simulation of film growth. Again, the angular and ener-
getic characteristics of the incident atoms are modelled by the transport
simulation described in sections 5.1.2 and 6.1.2. Einc is the kinetic energy
calculated from the average of all particles taken from a transport simulation
and inserted into a simulation of film growth.
Fig. 6.6 includes 20 simulation results. These correspond to films that
were actually deposited and are described in the following section. The total
number of process conditions within this experimental series was 27, corre-
sponding to the combinations of three DC powers (180, 1000, 2000 W), Ar
pressures (1.6·10−2, 9.3·10−2 and 1.7·10−1 mbar), and working distances (78,
62, 45 mm). However, under high-energy incident conditions such as for low
pressure, or high power and small working distance, some films were com-
pressively stressed, peeled off and thus could not be evaluated. Hence, some
films are not included in the discussions of experimental results to follow,
and their simulated results are omitted from Fig. 6.6.
In any case, one needs to bear in mind that the mean energies Einc dis-
played in Fig. 6.6 are equivalent to the condensed results of transport simu-
lations of different combinations of bias voltages and pressure-distance prod-
ucts.
Most evaluated mean incident energies are smaller than 1 eV, with some
conditions even delivering Einc roughly equal to thermalization (kT = 0.0428
eV, see the right column of Fig. 6.5). Under these conditions, the calculated
relative densities are smaller than and around 0.5. Only for Einc > 1 eV does
ρ reach 0.6 and, at the highest energies, values around 0.93 are calculated.
Most of the above discussed effects of included mechanisms are in line
with observations made by Yang et al. [122] on nickel deposition, which was
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Figure 6.6: Simulated film densities as a function of mean incident atom
energies Einc in the simulation. The kinetic energies and impact angles are
functions of process conditions and are calculated by the transport model
described in sections 5.1.2 and 6.1.2. All displayed simulation results corre-
spond to films that were actually deposited and are described in the following
section.
modelled as a function of substrate temperature and kinetic energy of the
incident atoms. The authors describe the progressive inclusion of kinetic
energy-assisted effects into a deposition model, similar to the above. The
general structures of the films modelled at low temperature resemble those
described here, with increasing column widths and densities as result of pro-
gressively included effects. The final achieved densities are higher in [122],
owing to the higher incident energies and additional thermally activated dif-
fusion.
Film densities similar to the ones described here were also reported by
Dalla Torre et al. for models of Ta deposition [113]. The densities found
for the 0 eV-energy case are slightly higher than what is reported on here,
whereas at 10 eV, the densities are congruent. For the low-energy case, the
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differences are based on the exclusion of thermally activated diffusion from
the model presented here, which is included in [113].
6.2.2 Verification of the model
The simulated film densities were verified by XRR measurements of Ir thin
films deposited to thicknesses comparable to the simulated ones (XRR data
not shown). At process conditions corresponding to those simulated in the
bottom left corner of Fig. 6.5, the film density extracted from the data was
98.5% of the Ir bulk density (uncertainty: 7%). This is in agreement with
the density of 93% calculated from the modelled film structure.
XRR measurements on a sample processed under the conditions simulated
on the right of Fig. 6.5 delivered a film density of 51% of Ir bulk. Also here,
the simulated density of 48% well matches the measurement and is slightly
lower. However, it needs to be mentioned that the evaluation of XRR data
proved difficult for the underdense film, and an uncertainty of about 20%
remained. The differences between measured and simulated densities can be
explained by the negligence of thermally activated surface diffusion in the
model. Additionally, the lengths of kinetically induced diffusion had to be
assumed (see section 6.5 for a discussion of the model).
The similarity to SEM surface images of deposited samples is a further
verification of the simulation results. The films shown in Fig. 6.7 are 50-60
nm in thickness. Although slightly thicker than the simulated ones of Fig. 6.5,
a comparison is possible. An assessment of cross sections equivalent to the
simulated configurations was not possible due to the comparably low SEM
resolution. However, the top ends of the modelled cross sections correspond
to the surface depicted in the SEM images.
Fig. 6.7a) shows the deposited equivalent to the simulation shown in the
left column of Fig. 6.5, a deposition at p ·WD = 1.2 mbar ·mm and P = 180
W. The surface is very smooth, and the tops of individual growth columns are
hardly resolved. This corresponds to the simulated configuration inset into
the image (note the different length scales). There, the top of the simulated
cross section forms a largely closed surface, and the individual columns (less
than 20 nm in diameter) only slightly protrude.
Fig. 6.7b) shows the surface of an Ir film deposited at p · WD = 4.2
mbar ·mm and P=1000 W, and its simulated cross section. The deposited
film is characterized by small cusps, which form the tops of the individual
growth columns. Between these, small grooves can form due to shadowing
effects and the rather low surface mobility. The average column diameter at
the surface is 8-10 nm. This is well predicted by the simulation, which shows
individual columns of small separation with equivalent widths.
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Figure 6.7: SEM surface images of Ir thin films deposited according to the
simulated conditions shown in Fig. 6.5. a): deposition at p · WD = 1.2
mbar ·mm and P = 180 W, b): p ·WD = 4.2 mbar ·mm and P=1000 W,
c): p ·WD = 13.5 mbar ·mm and P=180 W. Insets show the simulated cross
sectional views (note the difference in length scaling).
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Finally, part c) of Fig. 6.7 shows a surface SEM image of a film processed at
p ·WD = 13.5 mbar ·mm and P=180 W. The surface is strongly structured,
caused by shadowing and extremely low adatom mobility. Large grooves
separate big growth columns from each other, their diameter being greater
than 100 nm. The big columns are composed of smaller columns of diameters
around 15 nm, which are again separated by grooves. The latter mentioned
smaller columns are depicted in the simulated inset. Both column width and
separation correspond to the simulated configuration.
6.3 Electrochemical properties of Ir films
6.3.1 Experimental results: electrochemical activity
This section details the electrochemical characteristics of Ir thin films with
different morphologies, realized by altering the three process parameters pres-
sure, power, and working distance. As an example, Fig. 6.8 shows fracture
cross section SEM views and CV measurements of two samples deposited at
1000 W DC input power, WD = 45 mm and p = 1.7 · 10−1 mbar (a), and
p = 1.6 · 10−2 mbar (b). All SEM images and CV data discussed within this
chapter relate to non-activated samples.
For both process conditions, columnar microstructures develop (see section
5.2.1). The columns are separated by large voids in part a) of Fig. 6.8, which
shows the sample deposited at high pressure. The underdense structure is
caused by shadowing, which can not be compensated for by diffusion due to
low adatom mobility, and represents a typical zone I microstructure [85]. A
rough surface develops. In part b) of Fig. 6.8, the columns are denser and the
inter-columnar spacing is smaller. Due to a higher incident energy, a higher
adatommobility is provided for which can compensate shadowing and enables
densification. Here, the columns are topped by smooth caps. One might
argue whether the film represents a transition zone deposit, characterized by
less open boundaries, or whether it still can be considered a zone I structure.
The film configuration influences the number of surface atoms available for
charge injection during electrochemical experiments. This is illustrated by
the CV data reproduced in Fig. 6.8. At an unaltered chemical composition,
and not influenced by the effects of activation into the films, an increased
specific surface increases the injected charge. The sample deposited at higher
pressure delivers more than 30-fold higher current densities. As the compar-
ison of model and experiment will show, the increase is directly determined
by film atoms that are parts of free surfaces.
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Figure 6.8: SEM fracture cross sections of Ir thin films deposited at P = 1000
W DC, WD = 45 mm and a) p = 1.7 · 10−1 mbar, b) p = 1.6 · 10−2 mbar.
Bottom: cyclic voltammograms of the two films, not activated by repeated
potential cycling.
The above demonstrates that the control of growth kinetics by the choice
of deposition parameters (in this case, only sputter pressure) has direct and
measurable influence on Ir thin film electrode characteristics. The principle
can be expanded to all sputter parameters considered in this section. Fig. 6.9
shows the anodic charge delivery Qa of 20 films as a function of p ·WD and
bias voltage Vb. Again, Vb develops as a function of input power, and is
chosen as the axis parameter to allow comparison with the simulation.2
For Fig. 6.9, Qa is extracted without prior repeated potential cycling.
This way, the influence of activation on film characteristics is excluded, and
the delivered charge can be assumed to be solely determined by the atoms
that are directly accessible for the electrolyte. This not only includes redox
centers on the film surface, but explicitly also those within channels that
2In the following, the discussed electrochemical data is limited to CV results.
Impedance measurements are congruent, but do not allow to draw further conclusions.
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Figure 6.9: Anodic charge delivery Qa (extracted without prior potential cy-
cling) as a function of the deposition process parameters p ·WD and bias
voltage Vb. The latter is a function of input power. Anchor lines and projec-
tion points illustrate the parameter combination of Vb and p ·WD.
are connected with the surface. A comparison with simulated films is then
possible (see the following section). Furthermore, as detailed in section 2.2.1,
the contribution of gas evolution to electrode current (see Fig. 6.8 for an
example of gas evolution peaks at high negative potentials) is subtracted
when calculating the anodic charge delivery Qa. Additionally, all films were
deposited to thicknesses around 350 nm in order to ensure comparability (see
section 7.2 for notes on the influence of film thickness).
The general trends and dependencies are straightforward to develop from
Fig. 6.9. An increasing pressure-distance product and a decreasing bias volt-
age lead to less energetic adatom conditions, which results in higher specific
surfaces and more electroactive films. Consequently, the highest charge de-
livery of 41 mC/cm2 develops at 305 V and 13.5 mbar ·mm. On the opposite
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end of the parameter set (corresponding to the front corner of the graph), at
480 V and 0.7 mbar ·mm, 1.1 mC/cm2 are measured.
Fig. 6.9 also underlines that similar results can be achieved by a number
of different parameter combinations. On 11 films, Qa amounts to between
30 and 40 mC/cm2, which is a respectable value. These values are reached
either by combinations of high p ·WD and medium Vb (e. g. 10.7 mbar ·mm,
370 V) or medium p ·WD and low Vb (5.7 mbar ·mm, 310 V).
Furthermore, Fig. 6.9 stresses the importance of single input parameters.
For example, at bias voltages around 400 V, the increase of p ·WD alone
effectuates an increase in Qa from 1.4 to 37 mC/cm
2. Congruently, a decrease
in bias voltage (via input power) at p ·WD = 4.2 mbar ·mm results in an
increase in charge delivery from 2 to 35 mC/cm2.
Compared to results achieved during the reactive sputtering of IrOx (chap-
ters 3 and 4), the highest anodic charge deliveries measured on metallic Ir
within this section are roughly half as high those measured at optimized reac-
tive gas flow. The combined effects of optimized incident energetic conditions
and reactive sputtering are presented in section 7.1.
The interpretation of Fig. 6.9 can be further simplified by making use of
transport simulations. They allow to condense the process parameters p·WD
and Vb into one single input, the mean incident energy Einc. The results are
shown in the next section, together with a comparison of experiment and
simulation.
6.3.2 Comparison of model and experiment: electro-
chemical activity
Fig. 6.10 shows the measured anodic charge delivery capacityQa as a function
of the simulated mean incident energy of adatoms Einc. Qa was described as a
function of Vb and p·WD in the preceding section. Here, these parameters are
combined into a single parameter Einc, an output of transport simulations.
As an essential result, the development of measured Qa over simulated
Einc follows a clear trend. As discussed in the preceding sections, a higher
incident adatom energy leads to higher surface mobility. Shadowing effects
can be compensated by diffusion, and the growing film is densified. In the
measurement, this results in a smaller number of film atoms contributing to
charge transfer across the electrode-electrolyte boundary.
At this point, the importance of distributed angular incidence needs to be
pointed out. Although the highest charge deliveries are reached on films de-
posited at low-energy conditions, thermal evaporation of Ir would not deliver
comparable films. Commonly, evaporation proceeds under ultra-high vac-
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Figure 6.10: Measured anodic charge delivery capacity Qa (extracted without
prior potential cycling) as a function of the average kinetic energy of adatoms
inserted into the respective simulation. The characteristics of atoms inserted
into the growth model are output of the transport simulations described in
sections 5.1.2 and 6.1. The process conditions for simulations and experi-
ments correspond to those shown in Fig. 6.9.
uum, resulting in line-of-sight incidence. Under these conditions, shadowing
effects are ruled out. Furthermore, thermal evaporation does not allow the
reactive deposition of IrOx, as shown in chapters 3, 4 and 7.
Fig. 6.10 contains three distinct outliers. In these cases, the measured
anodic charge delivery is lower than the expected value indicated by the
data fit. All three films were deposited at the highest input power of 2000 W
and medium p ·WD. At lower p ·WD, as mentioned before, the films could
not be evaluated due to high compressive stresses and peeling. At higher
p ·WD, the films deposited at 2000 W agree with the fit.
A possible explanation for the disagreement between fit and the three
data points is the negligence of plasma particle flux in the approach at hand.
Einc only represents the energy input by the deposited Ir particles as such.
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However, at a high power, the plasma expands further from the target, and
the substrate can be reached by both high-energy reflected Ar neutrals as well
as by medium-energy Ar ions. They can cause atom rearrangement directly
by way of impact or indirectly through an increasing substrate temperature
[86]. The additional energy input results in further film densification [112].
The low target-substrate distances used in the three experiments in question
(45, 45, and 62 mm) underline this supposition.
As has been discussed, Fig. 6.10 includes measurement results as a function
of transport simulation output. In the following, the view is expanded to the
evaluation of simulated film growth with respect to electrochemical activity.
The comparison of experimental film data and modelled film morphology is
based on the following prerequisites:
• All pores and voids visible in simulated 2D cross sections are connected
to the surface via channels (see figs. 6.5 and 6.7).
• The accessibility by the electrolyte and the availability for charge trans-
fer reactions of a single atom depend on its location relative to sur-
rounding atoms within the film.
The latter is illustrated in Fig. 6.11, which shows an exemplary close-up
of a simulated cross section showing all theoretically possible configurations.
The digits 1 to 8 are the numbers of near neighbors of the labelled atom. It
is assumed that upon application of electrolyte from the top, and application
of voltage to the film, an atom of position label P = 8 does not contribute
to electrochemical currents. It cannot be reached by the electrolyte. This
mimics the experimental CV measurements, which are evaluated within the
first potential cycles. The procedure ensures that the measured current is
contributed only by the top layer of atoms, and precludes the effects of acti-
vation and current contribution of deeper parts of the film (see section 4.4).
On the contrary, all other labelled atoms of Fig. 6.11 can contribute to elec-
trochemical currents, however, geometric reasoning precludes the assumption
of equal accessibility by the electrolyte. Thus, the immediate environment
is taken into account. The parameter At is introduced to express if and how
easily an atom is accessible and available for charge transfer. It is computed
by At = |P − 8|, where P is the position label shown in Fig. 6.11. For a
whole film, At,m represents the mean availability and accessibility of the film
atoms for charge transfer reactions, At,m =
∑N
i=1
At,i
N
, where N is the number
of atoms in the film.
All depositions discussed in Fig. 6.10 were simulated, and At,m was calcu-
lated according to the procedure described above. The results are shown in
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Figure 6.11: Exemplary atomic configuration illustrating the calculation of
the contribution of an atom to electrochemical currents. The digits 1 to 8
denote the number of atoms within the immediate neighborhood of the la-
belled atom. All theoretically possible arrangements are shown. An atom of
position label P = 8 is assumed to have zero contribution to electrochemical
currents upon voltage application. It cannot be reached by the electrolyte,
which is applied from the top (bearing in mind that the corresponding CV
measurements were evaluated within the first cycles, not allowing the elec-
trolyte to oxidize deeper layers of Ir.) In general terms, the parameter At
expresses if and how easily an atom is accessible and available for charge
transfer. It is computed by At = |P − 8|, where P is the position label. This
is shown in the accompanying table.
Fig. 6.12 as a function of mean incident atom energy (round symbols). Fur-
thermore, the experimentally retrieved charge deliveries Qa from Fig. 6.10
are included (square symbols). The three outliers discussed in the preceding
are excluded.
The graph can be read as follows. Under certain deposition conditions, and
thus a certain mean incident energy, the model predicts an average atomic
configuration. For example, at low mean incident energies, At,m is close to 2.
Referring to Fig. 6.11, this corresponds to an average positional configuration
P of roughly 6. Hence, in these films, only 6 of 8 available near-neighbor sites
are occupied. In turn, the measured electrochemical activity of the film Qa
is high.
With increasing incident energy, At,m slowly decreases, conformal with
increasingly tight packing and higher average positional configurations P . As
a result, the measured electrochemical activity also decreases. Notably, the
decrease is almost congruent. At the highest incident energies, At,m < 0.2,
corresponding to an average positional configuration close to the maximum
of 8. The average film atom is surrounded by neighbors, the films are densely
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Figure 6.12: Measured anodic charge delivery capacity Qa (extracted with-
out prior potential cycling) as function of simulated mean incident energy of
adatoms (square symbols, see also Fig. 6.10). Round symbols: mean avail-
ability and accessibility of simulated film atoms for charge transfer reactions
(refer to Fig. 6.11 for calculation procedure).
packed. Only the final deposited layer, i. e., the surface atoms in their very
sense, contribute to electrochemical response. As a result, the anodic charge
delivery Qa reaches its minimum. Simulated cross sections and SEM surface
and cross-sectional views of corresponding films were shown in figs. 6.8b) and
6.7a).
Comparing the curve shapes, the simulation and its evaluation well de-
scribe the dependence of electrochemical activity on adatom energy. The
quantitative deviations between measurement and simulation are based on
several uncertainties. Note that the proposed evaluation by itself strongly
simplifies the complex diffusion and charge exchange mechanisms between
an electrode and an electrolyte. Further uncertainty is added by the devi-
ations between simulated and experimental film growth (see section 6.2.2).
In any case, in its simplicity, the evaluation of simulated 2D cross sections
underlines the importance of open surfaces for electrode performance.
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Generally speaking, the film growth model returns a statement regard-
ing an average atomic configuration, which scales well with electrochemical
measurements in 3D reality. The model explains the differences in anodi-
cally delivered charge Qa of the deposited films on grounds of accessibility
of film atoms. Model output and measurement are alike functions of mean
kinetic energy of incident atoms. The simulation allows to predict the elec-
trochemical behavior of a deposited film by scaling with the results shown
above.
6.4 Crystallographic orientation of Ir films
6.4.1 Experimental results: texture
A number of authors have described the influence of adatom and bombard-
ing ion energies on texture of (reactively) sputtered films (mainly transition
metal nitrides, [112, 118, 135, 147, 148], and references therein). Comparable
investigations for Ir are not available. This section introduces and discusses
the effects of incident atom energy on preferred crystallographic orientation
of Ir thin films. The results are strongly tied to those regarding the electro-
chemical activity of Ir films discussed in the foregoing.
The investigated Ir thin films are polycrystalline, and three major crys-
tallographic orientations are found, the {111}, {220}, and {200} families.
However, only the peak intensity ratios of {111} and {220} are affected no-
tably by the choice of parameter conditions. Hence, the following discussion
focusses on these, as does the simulation, which only considers the two ori-
entations.3
The evaluation of experimental data is limited to the calculation of peak
intensity ratios. By comparison with the peak intensity ratio of an untextured
powder sample, qualitative conclusions regarding the preferred orientation of
the samples can be drawn.
The preferred orientation of sputtered Ir samples is a strong function of
sputter parameters. This is illustrated in Fig. 6.13, showing two sets of
detected intensities as function of x-ray incidence angle 2θ. Data set a) is
from a sample sputtered at WD = 78 mm, P = 180 W, and p = 1.6 · 10−2
mbar, corresponding to a simulated mean incident energy Einc of 10.2 eV.
Data set b) is retrieved from a sample processed at WD = 78 mm, P = 1000
W, and p = 9.3 · 10−2 mbar (Einc = 0.2 eV). The maximum peak heights
were normed to the same value, the detected crystal planes are indicated.
3The thin Ti adhesion layer deposited prior to Ir was not found to have an influence
on crystallographic orientation.
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Figure 6.13: XRD data of Ir films sputtered under different conditions. a):
WD = 78 mm, P = 180 W, p = 1.6 · 10−2 mbar. b): WD = 78 mm,
P = 1000 W, and p = 9.3 · 10−2 mbar. The detected crystal planes are
indicated.
Both investigated samples comprise equivalent crystal planes, however,
the relative size of the peaks has changed. For data set a), the intensity
ratio RI = I111/I220 = 38. The corresponding peak intensity ratio of an
untextured powder sample is 4.38, which implies a strong {111} texture of
the thin film.4 For Fig. 6.13b), the measured ratio is 1.2, meaning a {220}-
preferred orientation.
Just as in the case of electrochemical activities, these differences can only
be explained on grounds of differences in incident atom energies [112, 118,
135,148].
The potential energy of an adatom depends on the crystallographic orien-
tation it is placed onto. Correspondingly, the barrier for diffusion increases
or decreases. On a high-energy face such as {111}, the adatoms are likely
4Inorganic Crystal Structure Database, ICSD.
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to diffuse quickly to a cluster edge, and expand the cluster in a lateral way.
On faces of lower adatom potential energy, such as {220} for Ir, diffusion
is limited and hence, growth proceeds in the vertical direction. Because of
their developing height advantage and the resulting shadowing, they inter-
cept more particle flux, which results in even faster growth.
At extremely low adatom mobilities, and under angular incidence, {220}
grains can overgrow {111} faces. Under these conditions, columns preserve
the random orientation of initial nuclei [112]. This will be further illustrated
in the following section, presenting simulations of texture development.
With increasing adatom mobility, adatoms on {111} can diffuse even far-
ther. They stick preferentially at edges of clusters, resulting in larger is-
lands. The increased mobility also enhances adatom diffusion on and away
from {220} faces. This implies that compared to the low-diffusivity case,
{220} grains are more likely to loose material in the region of grain bound-
aries. This explains the tendency towards stronger {111} texture at higher
incident energies.
Further thin films representing a variety of process conditions discussed
in the preceding section were evaluated by means of XRD. Following the
procedure shown and verified in the preceding section, the ratios of peak
intensities can be presented as a function of simulated mean incident energies
for the evaluated process conditions. Fig. 6.14 shows the intensity ratio
RI = I111/I220 as a function of Einc. Included is a horizontal line representing
RI = 4.38 for untextured powder samples.
The graph can be read as follows. Data points below the horizontal line
indicate preferred {220} orientation of the thin films. This is the case for
all samples deposited by processes delivering low incident atom energies, al-
though the textures are not strongly developed. Only four of the evaluated
thin films exhibit more or less developed {111} texture, exclusively at higher
incident energies of adatoms. This is explained by the available theory dis-
cussed above.
The two outliers at Einc = 0.8 and 1.7 eV in Fig. 6.14 are measurements
on two of the three thin films discussed as outliers in Fig. 6.10. There, the
fit predicted a higher charge delivery capacity. Here, a lower RI is expected.
The behavior is fully in line with the explanation presented earlier. The high
input power and small target-substrate distance used in processing the two
films lead to enhanced energetic bombardment by plasma species. The films
thus receive a higher energy flux than predicted by merely accounting for the
adatoms’ incident energies, as done in Fig. 6.14. The additional energy supply
leads to a higher diffusivity and further rearrangement of atoms, favoring
both {111} orientation as well as densification.
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Figure 6.14: Measured intensity ratio RI = I111/I220 of Ir thin films as a
function of simulated mean incident energy in the deposition process. The
horizontal line indicates RI = 4.38 for untextured powder samples.
The general development of RI over adatom energy inversely correlates
with the development of the electrochemical activity. A lower adatom mobil-
ity favors growth of {220} grains, at the expense of {111} orientation. {220}
grains tend to grow higher and are responsible for stronger shadowing, lead-
ing to the development of rough, voided and underdense films, which again
is supported by low adatom mobility. As a result, in these cases, specific
surface and accordingly the electrochemical activity increase.
The results are in line with simulations regarding the texture-dependent
density of Al and the resistance towards interconnect material diffusion [135].
Films of {111} orientation were shown to have higher densities than those
oriented with low-mobility planes, where large voids span the whole film
thickness. On {111}-oriented films, a higher diffusivity of adatoms and thus
stronger lateral spreading develop a denser film with fewer channels.
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6.4.2 Comparison of model and experiment: texture
As to the simulated texture development, the trends developed experimen-
tally are well predicted. Two exemplary configurations are shown in Fig. 6.15.
Part a) shows growth upon low-mobility incidence (mean kinetic energy close
to thermalization), part b) simulated growth at a mean incident energy of
10.2 eV. {111}-oriented crystals are shown in black, {220} in grey, and the
substrate in darker grey.
Figure 6.15: Simulated film configurations evaluated for crystallographic tex-
ture. a) incidence at a mean energy Einc = 0.2 eV, b) Einc = 10.2 eV.
{111}-oriented crystals are shown in black, {220} in grey, and the substrate
in darker grey.
In Fig. 6.15a), the random nature of simulated texture development at low
incident energies becomes apparent. The average diffusivity being negligible,
the atoms are assigned random orientations on the substrate. From there, the
columns expand rather vertically than laterally, and columns will overgrow
their neighbors. This occurs in a random manner, and is independent of
orientation (recall that atoms are assigned the orientation of the crystal they
impinge onto). Because exchange between columns is nearly impossible due
to small diffusion lengths, the growth proceeds within one type of orientation.
In Fig. 6.15b), longer diffusion paths cause a strong overweight of {111}-
oriented grains. In this case, and again randomly, {220} seeds overweigh
directly on the substrate. However, the few initial {111} islands expand faster
laterally and eventually overgrow the {220} grains. On the very surface, the
film is completely {111}-oriented. Longer diffusion paths also make atom
exchange between orientations possible (seen as grey dots in the black {111}
grain).
Comparison between measurement and simulation is only possible in a
qualitative way. The theoretical intensities of diffraction at lattice planes are
not only determined by the number of oriented grains. Other factors include
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polarization and absorption at the lattice planes in question. Hence, texture
is related to the number of atoms within one orientation, but not determined
by it. In this respect, the comparison is based on measured RI = I111/I220
and simulated RN = N111/N220. RN represents the ratio of numbers of atoms
N within the orientations.
Fig. 6.16 includes both measured RI as well as simulated RN as a function
of simulated mean incident energy. The two outliers described in Fig. 6.14
are omitted.
Figure 6.16: Measured peak intensity ratio RI = I111/I220 (round symbols
and dotted fit) and simulated orientation ratio RN = N111/N220 (square, open
symbols and dashed fit) as a function of simulated mean incident energy in
the deposition process.
The interpretation of simulated orientations is limited due to the above
discussed reasons. However, it becomes clear that the measured trends are
well predicted.
At the low-energy end of the scale, both experimental and simulated ratios
are not greatly affected by incident energy. The development of texture in the
simulation is random, as shown in Fig. 6.15a). RN equals 1 for a sufficiently
wide substrate and a large number of simulated atoms.
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Increasing the energy, average diffusion lengths on the two considered
orientations slowly start to differ. Recalling the simulation policies of section
5.2.2, the maximum diffusion lengths on {220} are shorter than those on
{111}. For Einc = 10.2 eV, the average diffusion length on {111} is roughly
twice as high as on {220}. As illustrated in Fig. 6.15b), this leads to a higher
RN = N111/N220.
Hence, in total, the simulation can qualitatively reproduce and predict the
general development of texture. The model can gain precision using a wider
substrate and a higher number of simulated atoms.
6.5 Comments on the film growth model
The presented simulator models and predicts the evolution of Ir thin film mi-
crostructure in dependence of adatom energy and angular distributions. It
is one of only a few published approaches modelling the effects of kinetic en-
ergy of incident atoms on the structure of a sputtered film [113,122,124,138].
Compared to the works of Yang et al. and Liu et al. [122–124], the presented
approach is more simplified. Their works were based on MD calculations
that delivered analytical expressions describing in detail the included effects
such as resputtering or biased diffusion. Thermally activated diffusion and
deposition rate effects were included as further parameters in the simulations.
However, the works did not compare simulations to experimental data, and
no analysis of texture development was presented. Similarly, the simulations
of Torre et al. [113] contained more detail regarding atomistic effects acti-
vated by kinetic energy and temperature. Again, few detail on comparison
to experiment was presented, apart from film density evaluations. Smy et
al. [138] only incorporated biased diffusion effects, and disregarded resput-
tering or latent heat release. Nevertheless, the approach allowed to explain
morphological features seen in SEM images.
The presented simulation shows that incident kinetic energy and shad-
owing effects alone are of enormous importance for the evolution of Ir film
microstructure, and explanations for the underlying mechanisms were given.
Although based on simple assumptions, the 2D model is able to predict
and explain film properties such as film density and morphology (Fig. 6.7).
Furthermore, electrochemical data can be approximated from the modelled
configurations, although evaluated in a simple manner (Fig. 6.12). Also the
development of crystallographic orientation is concurrent with the measured
trends, as shown in Fig. 6.16.
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The simulation well describes and predicts the results for the parame-
ter sets discussed within this chapter, and can also be applied to simulate
deposition over topographies.
As to its limits, in its current stage, the influence of thermally activated
diffusion on film growth is not included. Furthermore, as time is disregarded
in the simulation, the effects of very high deposition rates on microstructure
can not be modelled (above 5-10 µm/min [117–119]). However, the model
can be extended to address the above points.
Regarding the energy flux to the substrate, the results and predicted
trends were shown valid over a wide range of mean incident kinetic energies of
the adatoms (around 12 eV to thermalization). However, the model does not
account for effects of energetic plasma particles bombarding the substrate.
This, as the results showed, can become important at high sputter powers
and small target-substrate distances, and sputtering at lower pressures, but
also for RF sputtering.
The modelled densities are lower than their measured counterparts. Apart
from the above described effects of energetic plasma particle flux to the sub-
strate [113], this can be explained by the negligence of thermally activated
surface diffusion, which does occur at the experimental substrate temper-
atures. Furthermore, the extent of kinetically induced diffusion had to be
assumed. Tentatively, diffusion on {111}-faces at low energies is underesti-
mated; at Einc < 1 eV, the model does not differentiate between crystallo-
graphic orientations, and diffusion is limited to a move to nearest-neighbor
sites. Contrarily, the kinetic energy-induced isotropic diffusion may be over-
estimated for large incident energies.
6.6 Summary
It was shown for the first time that energy and angular distributions of
incident atoms decisively influence the microstructure of sputtered metallic
Ir thin films. Distinct morphologies were generated by altering the process
parameters power (bias voltage), pressure and target-substrate-distance.
Monte Carlo simulations of the transport of sputtered Ir particles through
the gas phase showed that the average incident angles measured from the
substrate normal do not change considerably upon alteration of process pa-
rameters. Geometrical shadowing during growth occurred for all investigated
conditions, with great importance for the development of open structures.
The average atom arriving at smaller angles had a higher energy than its
counterpart arriving at larger angles. At pressure-distance products around
1 mbar ·mm, the mean incident energies were greater than 10 eV. At the
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highest pressure-distance product investigated (p ·WD = 13.5 mbar ·mm),
more than 99% of the particles were thermalized.
The calculated adatom energies and angles were used as input for a model
of film growth. The presented 2D model is the first of its kind developed for
Ir. It is one of only a few explaining and predicting film evolution on the
atomic scale as a function of the kinetic energy of adatoms. Of the mecha-
nisms included in the model, kinetic energy-induced diffusion was the most
important factor in determining film characteristics. The simulated densi-
ties and structures were in line with XRR measurements and SEM images
of deposited thin films. Furthermore, also the evaluation of electrochemi-
cal activity and development of crystallographic orientation scaled well with
measurements in 3D reality.
As to electrochemical activity of Ir thin films, an increasing pressure-
distance product and a decreasing bias voltage lead to less energetic adatom
conditions, which resulted in higher specific surfaces and more electroactive
films. Choosing the appropriate sets of parameters, the anodically delivered
charge was increased by a factor of roughly 37, merely determined by film
morphology.
The film growth model explained the increase in anodically delivered
charge on grounds of accessibility of film atoms by electrolyte. The measure-
ments and model outputs, which can be regarded as an indicator of average
site occupation in a film, were alike functions of mean adatom energy.
Most evaluated films were weakly {220}-oriented. With an increasing
incident energy and thus surface mobility of the adatoms, texture changed
to {111} orientation.
The development of preferred {111} orientation over adatom kinetic en-
ergy inversely correlated with the development of electrochemical activity.
Films containing considerable {220} contribution were rougher, with lower
densities and stronger void formation. In these cases, specific surface and
accordingly the electrochemical activity increased.
The experimentally observed trends were predicted qualitatively by the
simulated development of crystallographic orientation. At low incident en-
ergies, the development of texture in the simulation was random. At an
increased incident energy of adatoms, the average diffusion lengths on {111}
crystals increased, and {111} crystals overgrew {220} grains.

Chapter 7
Increased Electrochemical
Activity
This chapter presents approaches to further increase the electrochemical ac-
tivity of Ir and IrOx thin films, based on the experiments and simulations
presented in the foregoing chapters. The first section details the combination
of effects of low Ir adatom mobility and those of reactive sputtering. The
second section illustrates the enhancement of shadowing effects in order to
create higher specific surfaces.
7.1 Combination of low mobility and reactive
sputtering
In this section, a metal process delivering low adatom mobility is combined
with reactive gas flow to the sputter chamber. Similar investigations were
performed in chapters 3 and 4, however, the starting metal processes were
not optimized for shadowing and low adatom mobility. The corresponding
transport simulations showed that the mean incident kinetic energies were
around 6-7 eV. Consequently, they delivered smooth and electrochemically
rather inactive thin films (Qa=7 mC/cm
2 after 100 cycles of activation in
chapter 3). Upon inclusion of optimized reactive gas flow, the anodically
delivered charge increased by factors of more than 11 (Fig. 3.8 on page 31).
This section discusses whether the addition of oxygen to an optimized
metal process brings about similar increases in electrochemical activity, or
whether a limit in charge delivery has been reached.
The starting set of process parameters for metal deposition was chosen as
1000 W DC, WD = 78 mm and p = 9.3 · 10−2 mbar. The anodic charge
delivery Qa of the deposited Ir sample was measured to 35 mC/cm
2 before ac-
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tivation. In the corresponding simulations of sputter transport, the adatoms
arrive at a mean incident energy of 0.2 eV. As to simulated film growth, the
average search length for a new lattice site during diffusion calculates to 2.4
interatomic distances.
The reactive sputtering is optimized according to the procedure described
in chapters 3 and 4. Oxygen integration, deposition rate, and electrochemical
activity as functions of oxygen supply follow the patterns discussed earlier,
and are not shown here. The following discussion focusses on samples de-
posited at high oxygen integration, and the comparison to their metallic
counterparts.
Fig. 7.1 shows the surface SEM images of a reactively sputtered sample
(a) and its metallic counterpart (b). The CV measurements after 100-fold
potential cycling are included. The IrOx film shown in Fig. 7.1a) was sput-
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Figure 7.1: Surface SEM images of two as-deposited samples processed at
1000 W DC, WD = 78 mm and p = 9.3 · 10−2 mbar, a) with, b) without
reactive gas component during sputtering. CV measurements on samples
after 100-fold activation are shown below.
tered at Q(O2) = 34.7 sccm, delivering the highest oxygen integration into
the film, and the highest electrochemical activity. The surface is composed
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of void-separated tops of growth columns. Furthermore, the surface is rough
and underdense. The distinct tops of growth columns are also visible on the
metallic sample shown in part b), however, the structures are more elon-
gated. The regrowth of small columnar structures on top of the bigger ones,
the self-similarity, is not as evident for the metallic sample as for the oxidic
sample, and the surface appears denser. However, in total, the combination
of low incident energy and chemical reactions does not bring about a new
type of surface appearance.
The corresponding CV curves of metallic and optimized oxidic samples
are shown in the lower part of Fig. 7.1. At equivalent voltage excitation, the
current response of the oxidic film is stronger than that of the metallic film.
The anodic charge delivery after 100-fold activation increases by a factor of
1.6 from 45 to 72 mC/cm2.
The increase in charge delivery is related to higher numbers of available
centers for redox reactions. As mentioned in chapter 3, the presence of
reactive oxygen species alters surface diffusion on the growing film. The
average diffusion length of arriving adatoms decreases during reactive sput-
tering compared to the case of metal sputtering, as the Ir adatom can be
oxidized [86, 87]. Also the resulting compound is of low mobility, and fur-
ther diffusion is quenched. Due to repeated renucleation, crystallite sizes of
only few nanometers develop [88, 149]. This is corroborated by the lack of
XRD-detectable crystallinity in the reactively sputtered films.
The unordered growth results in high defect densities, which causes the
development of high specific surfaces. With added oxygen, the surface shows
more evidence of self-repetition in structures than the metallic counterpart,
which is a result of less diffusion and more frequent renucleation.
Besides smaller surface mobility during sputter deposition, reactive sput-
tering also causes the growth of IrO2 unit cells, with a lower density than
Ir. It is plausible that the lower density enables easier ion insertion into the
material. However, this effect remains a matter of speculation at this stage,
and the contribution of the two effects to the increase in available reaction
sites can not be quantified.
The delivered charge increases only slightly due to addition of oxygen to
the low-mobility metal sputter process. The added oxygen does not have
dramatic effects on surface mobility, because it is already low for the basic
metal process. The eventual effects resulting from easier ion insertion into
low-density IrO2 cells additionally increase the charge delivery.
Contrarily, if a metal process is used that provides a higher initial surface
mobility, the addition of oxygen to the process drastically decreases diffu-
sivity. This explains the strong increase in electrochemical activity seen in
chapter 3.
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A comparison to the results achieved in chapters 3 and 4 shows that the
optimized oxidic films deliver roughly the same charge, independent of the
underlying metal process.1 Additionally, the comparison of SEM surface
images shows similar topographies (Figs. 7.1a) and 4.2c) on page 36). In both
cases, self-similar structures with low densities and high roughness develop.
The similarity underlines the strong potential of optimized oxygen supply
regarding a reduction of surface mobility. It is not significant whether the
incident kinetic energies of Ir adatoms are low (0.2 eV) or in the medium
energy range (6-7 eV). The optimization of oxygen supply leads to minimal
surface mobility, which causes repeated renucleation and the growth of high-
surface films.
As a further essential result, making use of the wide range of parameters
and tools discussed in the preceding chapters, the charge delivery of Ir and/or
IrOx thin films is limited to the values shown in chapters 3 and 4 (Qa around
80-90 mC/cm2), and can be considered optimized. The optimization is based
on shadowing, the smallest possible surface mobility and the use of low-
density IrO2 material. Additionally, the films are activated with up to 100
potential cycles in electrolyte. A further strong increase in specific surface is
only possible by enhancing the effects of shadowing during growth, as shown
in the next section.
7.2 Film thickness increase
Shadowing induces open column boundaries because high points receive more
off-angular coating flux, and subsequent overgrowth of smaller columns leads
to formation of channels and pores. At low adatom mobilities, these effects
can not be compensated for, and an underdense material develops.
Based on the use of low-mobility conditions, shadowing effects can be
enhanced by making use of substrate irregularities.2 Single substrate defects
such as contaminations lead to preferred nucleation and growth of nodules
[150], the same is true for a rough substrate [151]. Furthermore, oblique
deposition, i. e., the forced off-axis incidence of coating material, has been
demonstrated to enhance shadowing [152].
As a further option, this section presents enhanced shadowing by film
thickness increase [153]. Several publications showed that the surface rough-
ness r of coatings follows a power-law dependence on sputter time t, r ∝ tβ,
1The slightly lower values of Qa reported here compared to the earlier chapters are
explained by a smaller number of evaluated thin films.
2Again, thermal evaporation of Ir would provide low-mobility conditions, however, the
deposition in ultra-high vacuum rules out shadowing effects.
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where β is a constant [154–157]. Thus, concerning the subsequent enhanced
shadowing, a roughened surface of a thick film is equivalent to the introduc-
tion of rough substrates.
Using the same process parameters for low mobility as in the previous
section (1000 W DC, WD = 78 mm and p = 9.3 · 10−2 mbar), the film
thickness is increased from 330 to 600, 1000, 1500 and 3000 nm by increasing
the sputter time. The films are not sputtered reactively in order to reduce
the complexity during deposition, however, the following results are equally
valid for sputtered IrOx.
The resulting anodic charge delivery capacities Qa determined after 100
activation cycles are shown in Fig. 7.2 as a function of film thickness. The
Figure 7.2: Anodic charge delivery capacities Qa of Ir films after 100-fold ac-
tivation cycling. Films are deposited to different thicknesses under equivalent
conditions (1000 W DC, WD = 78 mm and p = 9.3 · 10−2 mbar).
thickest film, at almost 3000 nm, delivers a charge of 157 mC/cm2, which is
an increase by a factor of 4 from the lowest value. Furthermore, the delivered
charges are considerably higher than the literature values shown in section
1.2.3. The included fit is a power law, with a power exponent of 0.6. A
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further film thickness increase is likely to also further increase the charge
delivery.
The reason for increased electrochemical activity can again be considered
geometrical and is based on the availability of specific surface for charge
transfer reactions. As has been detailed, the greater film thickness increases
roughness and thus promotes further shadowing, which can not be compen-
sated for by adatom diffusion due to the choice of process parameters. As
demonstrated in section 6.3.2, open boundaries develop, which are accessible
for the electrolyte.
As an illustration, Fig. 7.3a) shows a surface SEM image of the thickest
sample. Fig. 7.3b) shows the top part of a fracture cross section of the same
sample.
The earlier discussed self-similarity is even more apparent here. Simi-
lar to earlier reports on thick sputtered Ir coatings, a nodular, cauliflower-
type surface develops [32]. As Fig. 7.3a) shows, big columns with diameters
greater than 400 nm are separated by large voids of up to 20 nm width.
On these columns, smaller columns protrude, which are again separated by
voids. Fig. 7.3b) shows that each of the fractured big columns is composed of
smaller units. Furthermore, the cross sectional view illustrates the roughness
which both causes and results from shadowing. The clearly visible self-similar
scaling supports an easy accessibility of Ir by an electrolyte.
7.3 Summary
Starting from low-mobility process conditions for Ir deposition, the addition
of optimized reactive gas flow delivered IrOx thin films of higher electrochem-
ical activity. The differences were based on an increased surface for charge
transfer reactions. It developed due to decreased surface mobility of species
during sputtering and, possibly, the lower density of IrO2 cells. The contri-
bution of both mechanisms to the increase in available surface could not be
quantified. However, based on evaluation of SEM, XRD and the modelled
diffusion lengths for the metal process, the results implied almost negligible
surface mobility of Ir adatoms or compounds.
IrOx films deposited at optimal oxygen supply but differing kinetic ener-
gies of Ir adatoms (0.2 vs. 6-7 eV) were similar in structure and electrochem-
ical activity. This allowed to conclude that optimal oxygen supply minimizes
surface mobility also if the incident Ir atoms are of medium energy.
The anodic charge delivery of Ir and/or IrOx thin films (300-400 nm thick)
reaches a limit of Qa around 80-90 mC/cm
2 in the given measurement con-
ditions. It is determined by the use of shadowing effects, optimization of
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Figure 7.3: a) Surface SEM image of an Ir film deposited to 3000 nm thickness
under low-mobility conditions. b) Top part of a fracture cross section of the
same sample.
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low-mobility conditions and deposition of low-density IrO2 unit cells. Addi-
tionally, the films were activated electrochemically.
The specific surface was further increased by enhancing the effects of shad-
owing during growth. Film thickness increase was used as an example to
illustrate the effects of stronger shadowing. The thickest Ir film, at almost
3000 nm, delivered an anodic charge of 157 mC/cm2 after 100-fold potential
cycling. The results are equally valid for reactive deposition of IrOx.
The reason for increased electrochemical activity was again based on
the availability of specific surface for charge transfer reactions. Using low-
mobility conditions, the greater film thickness increased the roughness and
thus promoted further shadowing and the growth of open surfaces. Nodular,
cauliflower-type surfaces developed, which allowed an easy accessibility of Ir
by an electrolyte.
Chapter 8
Conclusions
8.1 Summary
The goal of this work was to determine the process parameters and un-
derlying effects that allow to sputter deposit Ir and IrOx coatings of high
electrochemical activity. Experiments and simulations were used to explain
the interrelations between sputter parameters and film growth, the resulting
microstructure and its electrochemical performance. In order to deposit a
highly active coating, the sputter process has to provide for a strong expres-
sion of shadowing effects, minimal mobility of the sputtered atoms on the
surface, and the deposition of low-density IrO2 unit cells. Their combination
ensures the deposition of a voided and underdense film supporting the ac-
cessibility of Ir reaction sites by an electrolyte. Subsequent activation of the
deposited film by repeated potential cycling in electrolyte further improves
the accessibility of redox centers.
A comprehensive investigation of RF-powered reactive sputtering showed
that the process and film characteristics are unambiguously tied to the rate
of oxygen integration vf into the growing film. This was shown for the first
time. vf is proportional to the difference of oxygen partial pressures before
and after ignition of the plasma, and was developed as a function of the
oxygen supply Q(O2). vf,max took the shape of a plateau, along which target
poisoning occurred. At the beginning of the plateau, the electrochemically
most active films were deposited, with columnar morphologies. At its end,
the highest deposition rate was measured, and the morphology changed to a
platelet structure.
The composition and electrochemical analysis of films deposited at dif-
ferent oxygen supplies did not suggest general differences in redox behavior.
Independent of oxygen supply during sputtering, equivalent redox reactions
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were initiated in the film when subject to cyclic voltammetry in saline solu-
tion. The existing differences in the magnitudes of redox currents were linked
to available active sites and accordingly, the film topography.
The RF-powered reactive sputter deposition was compared to DC reactive
deposition under otherwise equivalent sputter conditions. Furthermore, the
influence of additional substrate heating to 250 ◦C during RF sputtering was
investigated. The dependencies of film and process characteristics on the rate
of oxygen integration vf into the growing film were similar for all conditions.
DC deposition onto cooled substrates favored the development of rough
and voided films. Compared to these, RF sputtering delivered tighter packed
deposits. During RF sputtering, the plasma expands further from the tar-
get than during DC deposition. This leads to a higher flux of energetic
plasma species (Ar neutrals and ions) from the plasma region to the sub-
strate. The additional energy input amplifies surface atom mobility, which
effectuates tighter packing. A heated substrate further amplified atom mo-
bility and reorganization. Partial crystallinity developed, and the films were
even tighter packed. As chemical composition and electrochemical analy-
sis showed, plasma excitation mode (RF, DC) and substrate temperature
(room temperature, 250 ◦C) did not exert major influence on chemical com-
position. However, the magnitudes of electrochemical current responses to
voltage excitation in electrolyte were largely different. Again, the existing
strong differences in electrochemical activity had to be explained on grounds
of the openness of film morphologies.
The reason for increased electrochemical activity of IrOx films due to re-
peated potential cycling (activation) was investigated by chemical and mor-
phology analysis and depth profiling. It was shown that activation transforms
between iridium oxides and hydroxides. The transformation implies that the
binding forces on Ir species in relation to the metal-oxide lattice practically
vanish. As a result, the columnar structure of deposited IrOx films trans-
muted to a non-compact matrix, which enabled easier ion insertion to redox
centers. The results are similar to other authors’ findings related to the
activation of metallic Ir.
As all results showed, film microstructure determines the electrochemi-
cal activity. A comprehensive set of experiments was developed in order to
further investigate the influence of microstructure on the characteristics of
charge delivery to an electrolyte. Within this series of experiments, the angu-
lar and energy distributions of Ir adatoms were modified. It represented the
first attempt to clarify the relations between the evolution of microstructure
during film growth and the electrochemical characteristics of the deposited
film. The influences of oxygen during sputtering and of activation during
electrochemical characterization were eliminated. Two simulators were de-
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veloped describing both the transport of sputtered atoms from target to
substrate as well as film growth.
The incident angles of sputtered atoms and their kinetic energies were
modelled using a Monte Carlo approach. The incident angles were dis-
tributed for all investigated conditions. The mean incident energies ranged
from around 12 eV to thermal energy.
The 2D Monte Carlo model of film growth explains and predicts Ir mi-
crostructure evolution as a function of adatom angular and kinetic energy
distributions. It is the first model describing the evolution of Ir thin film mi-
crostructure, and one of the few focussing on the influence of adatom kinetic
energy on film structure. The model was verified by density measurements
and the evaluation of microstructures.
Supported by the models, the experiments illustrated that energy and an-
gular distributions of incident atoms decisively influence the microstructure
of metallic Ir thin films deposited onto cold substrates. Distinct morpholo-
gies were generated by altering the process parameters DC power, pressure
and target-substrate distance.
All films were characterized by a columnar growth, however, the formation
of voids between the columns and the expression of surface roughness were
dependent on the deposition conditions. The least dense films evolved from
conditions of lowest adatom mobility and strong shadowing. The latter was
shown to occur for all investigated conditions. At higher mobilities, the
diffusion of adatoms partially compensated the shadowing effects, and denser
films evolved.
In the investigated parameter sets, the adatom surface mobilities were
determined mainly by their incident kinetic energies. At low incident ki-
netic energies and thus low adatom mobilities, films of high specific surface
and high electrochemical activity were deposited. The evaluation of cyclic
voltammograms showed that compared to densely packed films, the anodi-
cally delivered charge was increased by a factor of roughly 37. The increase
was solely determined by film morphology.
The film growth model explained the differences in measured delivered
charge on grounds of accessibility of film atoms by electrolyte. The mea-
surements and model outputs were congruent and alike functions of mean
adatom kinetic energy.
Most Ir films evaluated for crystallographic orientation were weakly {220}-
oriented. The orientation preference transformed to {111} with increasing
incident energy. This was explained by a stronger lateral spreading of {111}
grains due to higher adatom mobility. Higher diffusivity lead to overgrowth
of other orientations, and material loss of these. The development of {111}
texture over adatom energy inversely correlated with the development of
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electrochemical activity. Films containing stronger {220} contribution were
rougher, with lower densities and stronger void formation, which increases
the specific surface. The experimentally observed development of crystallo-
graphic orientation was predicted qualitatively by the simulation.
Finally, a process providing low adatom mobility for deposition of metal-
lic Ir was combined with the optimized reactive sputtering approach. This
process ensured the combination of low-mobility adatom conditions, high
shadowing and the use of low-density oxide unit cells, added to subsequent
electrochemical activation. The results showed that the electrochemically
delivered charge of Ir and/or IrOx thin films reaches a limit around 80-90
mC/cm2 in the given measurement conditions.
Equivalent charge deliveries were measured after reactive deposition un-
der considerably higher kinetic energies of Ir adatoms. XRD, SEM and the
simulated diffusion lengths for the low-mobility metal process were evalu-
ated. The results implied that optimal oxygen supply minimizes adatom
surface mobility for both low- and medium-energy adatoms. The minimized
diffusivity is caused by the oxidation of Ir on the film surface.
The specific surface available for charge transfer could only be further
increased by enhancing the effects of shadowed growth. Film thickness in-
crease was used as an illustration. The increase in film thickness provided
a rougher surface for subsequently deposited atoms, leading to the develop-
ment of stronger shadowing effects. Using a process supplying low-mobility
Ir atoms to the surface, the thickest evaluated Ir film, at almost 3000 nm,
delivered an anodic charge of 157 mC/cm2 after 100-fold potential cycling,
considerably more than earlier literature reports.
8.2 Outlook
The thermal evaporation of Ir provides the low adatom mobility needed for
deposition of high-surface films. However, due to processing under ultra-
high vacuum, self-shadowing effects are ruled out. Nevertheless, by making
use of structured and inclined substrates, shadowed growth can be forced.
Furthermore, the application of inclined and tilting or rotating substrates
allows the deposition of open structures in form of separated pillars, helices
or zigzags. These types of structure promise a high accessibility of redox
centers by electrolyte.
Regarding the description of Ir thin film growth, the present model can
be completed to incorporate thermally activated diffusion, the energy trans-
ported to the substrate via plasma particles, and deposition rate or time
dependence of film growth.
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The existing model includes a number of assumptions regarding the effects
of latent heat release, resputtering probabilities and surface diffusion lengths.
In order to improve the parameters, more detailed investigations such as
molecular dynamics simulations need to be performed. However, compared
to the deposition of metallic films, the understanding of substrate reactions
and compound formation during reactive sputtering is not quite as advanced.
Apart from improvements in the description of film deposition, the mod-
elling of the accessibility of redox centers by ionic solution promises further
insights into electrode performance.

Glossary
Symbols
At Simulated availability and accessibility of atoms for charge trans-
fer
E Electrode voltage vs. Ag/AgCl
Ead Incident kinetic energy of an adatom
Eb Binding energy
Einc Mean incident kinetic energy of atoms on the substrate
Eion Kinetic energy of incident ions
Em Activation energy for thermally activated diffusion
d Interatomic distance
f Frequency
k Boltzmann constant
Mi Atomic weight of argon
Mt Atomic weight of iridium
P Sputter power or position label of atoms in simulated configura-
tions
p Pressure
p(O2) Oxygen partial pressure
Qa Anodic charge delivery capacity
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Q(Ar) Argon flow to the sputter chamber
Q(O2) Oxygen flow to the sputter chamber
RI Ratio of measured x-ray diffraction peak intensities {111}/{220}
RN Simulated ratio of atoms in {111}/{220}
rsg Interatomic separation of Ar and Ir in the gas phase
T Temperature
Tmelt Melting temperature
Tsubstrate Substrate temperature
Vb Target bias voltage
vf Rate of oxygen integration into the growing film
vp System pumping speed
WD Working distance, target-substrate distance
λ Free path
ρ Relative film density
Abbreviations and Acronyms
Ag Silver
Ag/AgCl Silver-silver chloride
AIROF Anodic iridium oxide film
Al Aluminium
Ar Argon
Cr Chromium
Cu Copper
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CV Cyclic voltammetry
EIROF Electrodeposited iridium oxide film
fcc Face-centered cubic
Fe Iron
HS Hard sphere
Ir Iridium
IrOx Iridium oxide
MC Monte Carlo
MD Molecular dynamics
Mo Molybdenum
Ni Nickel
Pb Lead
Pt Platinum
PZT Pb(Zr,Ti)O3
SEM Scanning electron microscopy
Si Silicon
SIROF Sputtered iridium oxide film
Ta Tantalum
Ti Titanium
ToF− SIMS Time-of-flight secondary ion mass spectroscopy
VHS Variable hard sphere
W Tungsten
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XRR X-ray reflectometry
Zr Zirconium
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